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PREFACE
The th esis  i s  an account o f  an experimental in v estig a tio n  o f  the 
scattering o f  electrons and positrons by argon nuclei using the expansion 
chamber technique* The apparatus was designed and constructed in  the 
Glasgow University Natural Philosophy Department in  collaboration  with 
Mr* J . E. Atkinson with the technical assistance o f  Mr* P* E* Price*
The author was personally responsible for most o f  the track photography* 
The analysis o f  the tracks, the c o lle c t io n  of the s t a t i s t ic a l  data and the 
conclusions derived therefrom are e n tir e ly  h is  resp o n sib ility . The 
experiments described are believed to  be the f ir s t  in  which s ta t i s t ic s  
have been obtained on the single nuclear scattering o f  positrons*
The th esis  i s  divided in to  s ix  chapters with an introduction and 
two appendices. Chapter I con sists o f  a review o f  previous experimental 
work on electron  and positron sca tterin g . In Chapter II i s  presented 
an outline o f relevant theories o f  scattering together with a d iscussion  
o f  the method o f  projected angles. In Chapter III  the technique o f  
cloud-chamber operation and photography i s  discussed. A d eta iled  
description  of the apparatus designed for the in vestiga tion  follow s in  
Chapter IV; some new features and improvements incorporated in  the 
apparatus are mentioned. Chapter V i s  concerned with the method used 
in  analysing the cloud-chamber tracks, and with errors o f  measurement.
In Chapter VI the experimental resu lts  are presented and compared with 
th eoretica l pred ictions, and the conclusions derived therefrom are 
discussed.
A shorter account o f the in vestiga tion  has been published in  the 
Philosophical Magazine (Series 7 Vol. x l i i ,  p .1136). Additional
1 1 .
published papers by the w riter, and by the w riter in  collaboration  with 
Dr* R* A* Houston, on top ics unconnected with the main th e s is ,  are 
enclosed*
The author i s  glad to  acknowledge the encouragement and d irectio n  
given by Professor P# I* Dee, F*R.S., during the course o f  the research* 
In particu lar, the design of the cloud-chamber and au x iliary  equipment 
owes much to h is advice* He i s  a lso  indebted to  Mr* J* M. Reid for  
preparing the copper 62 positron sources in  the Glasgow University  
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INTRODUCTION
The importance in  physios o f the study o f  the behaviour o f  charged 
p a rtic le s  in  th e ir  passage through matter can scarcely  be overestimated* 
Observations on the scattering o f such p a r tic le s  have yielded information 
o f the highest value not only about the charged p a r tic le s  themselves 
but a lso  about the structure o f the atoms through which they pass* The 
c la s s ic a l experiments o f  Rutherford on the scatterin g  o f  o -p a rtic les  in  
th in  metal f o i l s  were forerunner o f innumerable in vestigation s o f  
e sse n tia lly  the same nature in  which p a r tic le s  o f  many d ifferen t types 
and energies have been used*
The most precise and u sefu l information i s  obtained in  experiments 
in  which •single scattering* occurs i . e *  under conditions such that 
the bombarding p a rtic le  in  i t s  passage through the scatterin g  m aterial 
c o llid e s  with only one other partic le*  It i s  the peculiar advantage 
o f  the cloud-chamber (now shared to  some extent by sp ecia l photographic 
emulsions) that i t  e f fe c t iv e ly  renders v is ib le  individual scatterin g  
events* and i s  therefore pre-eminently suitable for the study o f single  
scattering*
The present in vestiga tion  i s  concerned with the scatterin g  by 
atomic nuclei o f  high energy electrons and positrons* Numerous 
experiments have previously been carried out with the purpose o f  te s t in g  
the theory o f  electron  scattering* but largely  owing to  the d if f ic u lty  
o f obtaining suitable sources* l i t t l e  or no work has been done on 
positron scattering* It i s  shown* however* in  Chapter II* that for  
scattering elements of low or moderate atomic number* positron  scatterin g
s ta t i s t ic s  are a more sen sitiv e  te s t  o f  theory than e lectron  scatterin g  
data. The in vestiga tion  o f  e lectron  scatterin g  was carried out 
partly  for comparison with the restilts  obtained by previous in vestigators  
and partly  to  aid the assessment o f experimental errors in  evaluating  
the resu lts  for positrons.
CHAPTER I 
REVIEW OF PREVIOUS EXPERIMENTAL WORK.
The experiments f a l l  in  general in to  two c la sses: in  the f i r s t
the scatterin g  m aterial i s  in  the form o f  a th in  f o i l  and the scattered  
electrons are detected by io n isa tio n  chambers or counters* and in  the 
second the electrons are scattered in  the gas o f a Wilson cloud-chamber* 
the tracks being photographically recorded. The e a r lie s t  in vestiga tion s  
were o f  the f ir s t  type*
The f ir s t  experiment in  which single scatterin g  conditions pre­
dominated was that o f  Chadwick and Mercier (C 1)* who in  1925 measured 
the scattering o f electrons from RaE (mean energy 0*3 ifev) in  f o i l s  o f  
aluminium* copper* s ilv e r  and gold* by the annular ring method which had 
previously been used to  study the scattering o f  Cb-particles, The f o i l s  
were th in  enough to ensure su b stan tia lly  sing le  nuclear sca tter in g .
Good agreement with the c la s s ic a l Rutherford theory was obtained for the 
variation  o f scattering cross-section  with atomic number exoept for the 
case o f  gold . The experimental uncertainties were too great to  allow  the 
calcu lation  o f  accurate values for the absolute scatterin g  cro ss-sec tio n s. 
In subsequent in vestigation s of th is  type u n til 1941 comparatively 
low energy e lectron s, a r t i f i c ia l ly  accelerated* were employed, Sohonland 
(S 1) in  1926 studied the scatterin g  o f  electrons o f  energy 77 Kev in  
aluminium* copper and silver*  and obtained re su lts  in  agreement with 
Darwin's (D 1) c la s s ic a l r e la t iv is t ic  theory in  which aedount was taken 
o f the change in  mass o f the electron  as i t  passed the nucleus. The 
anomalous resu lts  for gold persisted* but* contrary to  the findings o f  
Chadwick and Mercier* the experimental cross-section  was higher than the
th eoretica l value# However* the v a lid ity  o f the p a rtic le  concept o f  
the electron  was by th is  time in  question.
The th eo retica l basis was put on a firmer foundation in  1929 when 
Mott (M 1} derived a scatterin g  formula based on D irac's r e la t iv is t ic  
e lectron  theory. The expression ia  in  the form o f  a conditionally  
convergent in f in ite  s e r ie s . The f ir s t  approximation y ie ld s  the "Mott 
formula" which i s  accurate only for scatterin g  elements o f low atomic 
number, Mott (M 2) calculated the exact value o f  the cross-section  
for scattering in  gold at the particular scatterin g  angle o f  90°* but 
an accurate summation o f  the ser ies  for heavy elements over the whole 
Singular range was not made t i l l  1940 by B artlett and Watson (B 1 ) ,
At large scattering angles Mott's theory predicts considerable variations  
from the c la s s ic a l cross-sections* e sp ec ia lly  for elements o f high atomic 
number.
In 1931 Neher (N 1) repeated Schonland's experiment with electrons  
in  the energy range 50 -  145 Eev, He paid particu lar a tten tion  to  the 
suppression o f extraneous electrons which are a source o f  inaccuracy in  
th is  type o f  experiment, Beher's re su lts  for scatterin g  in  aluminium 
are reproduced in  Table 1,
TABLE 1
Aluminum.
n/ = 3 .68X 1018 9l =9S°10' e1 =  172°5'
p V
Relative values of p
Exp M ott Darwin k/V*
0.436 56.1 kv 0.00340 0.00340 0.00340 0.00340
0.474 68.9 0.00231 0.00229 0.00241 0.00226
0.511 82.0 0.00157 0.00157 0.00178 0.00160
0.543 96.9 0.00110 0.00114 0.00134 0.00115
0.574 112.2 0.00082 0.00084 0.00104 0.00085
0.603 128.4 0.00061 0.00064 0.00088 0.00065
0.630 145.1 0.000485 0.000495 0.00077 0.000505
Absolute values of p
V
Exp M ott Darwin Rutherford
(«1/V*)
0.436 56.1 kv 0.00340 0.00257 0.00460 0.00264
0.474 68.9 0.00231 0.00174 0.00326 0.00176
0.511 82.0 0.00157 0.00118 0.00242 0.00124
0.543 96.9 0.00110 0.00086 0.00182 0.00089
0.574 112.2 0.00082 0.00063 0.00141 0.00066
0.603 128.4 0.00061 0.00049 0.00119 0.00051
0.630 145.1 0.000485 0.000375 0.00104 0.00039
Ife found good agreement with e ith er  Sutherford's or Mott’s equation  
for dependence o f scatterin g  cross-section  on angle, and erorgy. The 
absolute value o f  the oross-seotion  was, however, 1*32 times the value 
given by Mott's theory. The variation  o f scatterin g  cro ss-sectio n  w ith  
the atomic number o f the scattering element agreed better with r e la t iv is t ic  
than with c la s s ic a l theory. The experimsntal re su lts  did not support 
the m odifications introduced into the c la s s ic a l theory by Darwin.
In a sim ilar type of experiment Chase and Cox ( C 2) in  1940 measured
the scatterin g  o f  50 Kev electrons in  th ih  aluminium f o i l s .  The 
^ng»,!a.T d istr ib u tion  and the ra tio  o f  experimental to  th eo re tica l cross-  
sections (Mott theory) Tire re found to  be w ithin the experimental un­
cer ta in tie s  which were t  20%.
In 1941 Rataklov and Vyshinski (P 1) measured the sca tter in g  co­
e f f ic ie n t  o f  aluminium and gold over the res tr ic ted  angular range 119°- 
122° for energies o f  40 -  120 Kev. A magnetic se lec to r  was used to  
elim inate secondary electrons• The scatterin g  cross-section  between 119°
and 122° was found to  agree with the value obtained from Mott's formula, 
within the lim its  o f experimental error, for aluminium but not for go ld .
About th is  time a return was made to  the in v estig a tio n  o f high  
energy electron  scatterin g  by groups o f workers in  Russia and America. 
Aliokanow e t  a l  (A 1 ,2 ,3} used two Geiger counters in  coincidence to  count 
the electrons scattered through the angular range 82° -  90° by th in  f o i l s  
o f c e llu lo id , aluminium* copper and gold . The source was a radon tube
em itting electrons in  the energy range 600 -  2,000 Kev, the energies being 
selected  by a sem i-circular focussing spectrograph. The authors studied  
the Ifcntzel cr iter ion  (W 1) for s in g le  scatterin g  in  th in  f o i l s ,  and, 
in  common with previous workers, found i t  to be quite inadequate. They
used a factor o f the form (t i s  the thickness o f  the f o i l )  to  correct
E
for multiple sca tter in g . The dependence o f the scatterin g  cro ss-sectio n  
( 6 ) on energy and atomic number was studied. Good agreement with the 
Mott theory for a l l  four substances for variation  o f  6  w ith energy over 
the range 600 -  2,000 Kev was claimed.
Table 2 shows the dependence o f  6 on Z, the cro ss-sectio n  o f
aluminium at 1,000 Kev being taken as un ity . The two values shown for  
for  gold are the resu lts  obtained from Mott's exact ca lcu la tion  for
gold at 90° (178) and from the expansion up to the f ir s t  power o f  Z (67).  
The large difference shows the error involved in  using the approximate 
formula for elements o f high Z. According to these authors <^exp. 
increases fa ster  than 7? but not so fa s t  as predicted by Mott. The 
absolute value obtained for the scatterin g  cro ss-sectio n  in  aluminium for  
1 Ifev electrons was 20$ lower than the corresponding th eo retica l value*
TABLE 2
SUBSTANCE ‘Z
C ellu loid 7*1 0*31 0*29
Aluminium 13 1 1
Copper 29 5*6 6
Gold 79 78 178 (67)
In a sim ilar type o f  experiment Saunderson and Duffendach ( S 3 )  
measured the scattering o f  electrons from RaE o f energy greater than 0*2 
Ifev over the angular range 20° -  45°. They concluded that such deviations  
from the Mott formula as exceeded experimental error were due to  the 
e f fe c ts  o f m ultiple scattering and the inadequacy o f the Wenbzel cr iter io n  
for elefl&nts o f  small .Z.
In 1946 Van de Graaff et, a l  (G 1) described an in v estig a tio n  carried  
out in  1943b which incorporated a number o f  improvements in  technique*
By using a high voltage e le c tr o s ta t ic  generator $hey were able to  
accelerate electrons to  3-ray energies (1*27 -  2*27 Ifev) and maintain 
the voltage constant to  1 i f0m This avoided the decay and energy spread 
associated with radioactive sources* They used as the e lectron  detector  
an io n isa tio n  chamber sp ec ia lly  designed to minimise errors due to  X-ray 
background.
Details of ionization chamber.
FIGURE 1
A section  o f  the io n isa tio n  chamber used i s  shown in  Figure 1*
The dharge co llec to r  was a brass d isc , 2mm th ick , at zero p o ten tia l,
sandwiched between two th in  brass d isc s , one at +1,000 v o lts  and the other
at -1 ,000 v o lts .  Ionisation duetto X-ray background was balanced out by
adjusting the p o ten tia ls  o f  the th in  p la tes  so that the co llec to r  current
was zero when no electrons were entering the chamber. Scattered electron s
entering the chamber produced f u l l  net io n isa tio n  current since they only
passed through the h a lf  o f  the chamber nearer the f o i l .  The background
o f electrons which had lo s t  energy by in e la s t ic  nuclear scatterin g  or
electron -electron  scattering was removed by placing an absorber o f  thicknes*
s lig h t ly  le s s  than the range in  the material o f  e lectron s o f the
accelerating voltage used. The ra tio  o f  the ion current observed to  the
current actu ally  carried in to  the chamber by e la s t ic a l ly  scattered electron* 
by
was obtained/rotating the co llec to r  in to  the main beam (su itab ly  reduced in  
in ten sity ) and determining the ra tio  o f the ion current to  the primary
beam current as measured by a Faraday cage. A Schematic diagram of the 
apparatus i s  shown in  Figure 2*
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Schematic diagram of scattering cham ber.
FIGURE 2
An angular range o f  scatterin g  o f 20° -  50° -was in vestigated , readings 
being taken on both sides to  avoid errors due to  asymmetry in  the beam* 
Correct in s were made for m ultiple scattering: many points required no
correction but some as much as 20%, The experimental observations were 
compared with the predictions o f the Mott formula ( f i r s t  order expansion) 
for the scattering elements aluminium, copper and silver*  In the case 
o f gold and platinum B artlett and Watson’s ca lcu la tion  for heavy elements 
was used*
TABLE 5
Ratios of the experimental results to the 
theoretical predictions. Only those points have been 
included for which observations were made on both sides 
of the beam and for which the multiple scattering correction 
did not exceed 20 percent.
Energy
(M ev) 20° 30° 40° 50°
Nucleus: aluminum
1.49 1 .01 0.97 1.04
1.81 1 .02 0.96 0.97
2 .0 0 0.95 0.97 1 .0 2
2.27 1.11 1.26 1.52 1.64
Nucleus: copper
1.49 0.97 0 .8 8 1 .1 2
1.81 0.96 1.09 1.07




1.49 0.97 1.03 1 .02
1.81 0.97 1 .0 2 1.03
2 .0 0 * 1 .01 1.06 1.07
Nucleus: gold and platinum
1.49 1.08
1.81 1.09
2 .0 0 1 .1 0 1 .0 0
The resu lts  were in  very good agreement with r e la t iv is t io  theory 
except for one particular case — the sca tterin g  o f  2*27 Mev electron s  
in  aluminium* This i s  shown in  Table 3 which gives the ra tio s  o f  
the experimental r e su lts  to  the th eo retica l predictions for various 
scattering angles.
The apparatus was reassembled a fter  the "War by Buechner, Van de Graaff 
ejk a l  ( B 2j to  in vestigate th is  anomaly but i t  was found that the 
discrepancy no longer ex isted . The reason for  the previous discrepancy 
was unknown. The range o f  scattering elements investigated  was extended 
by the inclusion  o f  beryllium.
The agreement with the Mott B e la t iv is t ic  scattering formula, extended 
by the calcu lations o f  McKinley and Feshbach (M3)  to  cover a l l  e len en ts, 
i s  shown in  Figure 3. The ordinate represents the ra tio  o f  the
r e la t iv is t ic  scattering cross-section  to the Rutherford v a lte , the so lid  
lin e  being obtained from Mott’s theory. Expericental values for aluminium
copper, s ilv e r  and gold agree w all with the Mott theory but not with  








Com parison of theory and experim ent a t electron  
energy of 2 M ev. T he solid line is given  by the theory.
The triangles g ive the experim ental points as obtained by  
Van de Graaff, Buechner et al.
FIGURE 3
In view o f  these resu lts  i t  must be assumed that the discrepancies
obtained by e a r lie r  in vestiga tors, e sp ec ia lly  in  the case o f gold , were
due to  fau lty  technique, to  incorrect allowance for m ultiple sca tter in g ,
or to  lack o f  appreciation o f the lim ita tion s o f  the Mott formula in  i t s
approximate form.
The description  o f  the apparatus used in  th is  in vestiga tion
emphasises the elaborate precautions which must be taken i f  inaccuracies
are to  be avoided in  scattering experiments o f  th is  type. The number o f
electrons scattered through large angles i s  a minute fraction  o f  the
to ta l  number o f  inoident e lectron s. Consequently extreme precautions
have to  be taken to  avoid reoording as electrons scattered by the f o i l ,  
those which arise  from the X-rays which are unavoidably present or by
12.
scattering ftom the 'walls o f  the containing v e s s e l .  Unless the f o i l s  
are extremely thin* and therefore in e ff ic ie n t  scatterin g  agents* a 
certain  amount o f  p lural and m ultiple scatterin g  takes p la ce . This must 
be allowed for in  ca lcu latin g  scatterin g  cro ss-sec tio n s. It has been 
shown by a number o f workers that the Wentzel cr iter io n  for sin g le  
scattering cannot be relied  on as i t  i s  in su ffic ie n tly  rigorous. In 
the case o f lig h t elements a further small correction for e lectro n -e lectro n  
scattering i s  required.
Cloud-Chamber Investigations
With the oloud-chamber method* since individual sca tterin g  events 
are observed, d i f f ic u lt ie s  o f  the above nature do not a r is e . Every 
d eflection  can be assumed to be single* and electron-nuclear can e a s ily  
be distinguished from electron -electron  c o ll is io n s .  Moreover* by 
applying a uniform magnetic f ie ld ,  the energy o f  each electron  before and 
a fter  c o ll is io n  can be determined, and any large energy lo ss  detected .
To o ffse t  these advantages the oloud-chamber method i s  handicapped 
by the d if f ic u lty  o f  securing enough data to  provide resu lts  o f  s t a t i s t i c a l  j  
r e l ia b i l i t y .  Moreover* since fa st e lectron s produce tracks o f  low sp e c if ic  
ionisation* a high standard o f  cloud chamber and photographic technique 
i s  required to  obtain accurate information. Such considerations delayed 
the application  o f  the Wilson cloud-chamber to  the problem* and i t  was not 
t i l l  1936 that the f ir s t  measurements were published. Since that date i 
a large number o f in vestigation s has been made* covering a wide range o f  
eieotron  energy and a variety  o f scattering substances. The prin cip al 
object o f  these in vestigation s was to check the Mott scatterin g  formula 
with regard to  absolute scattering in tensity* and the varia tion  o f
13.
in ten sity  with scattering angle and with the atomic number o f the 
scattering m aterial. In addition attempts were sometimes made to  a ssess  
the number o f  c o llis io n s  involving large energy lo s s  (rad iative co llis io n #  
and the probability  o f  pair formation by fa s t  electrons*
FIGURE 4
A ty p ica l experimental arrangement i s  shown in  Figure 4 . The
cloud-chamber i s  situated  in  a uniform m gftetic f ie ld  produced by a pair
o f  Helmholtz c o ils  denoted by M, and the scatterin g  substance i s  introduced
in  gaseous form along with the condensing vapour* The e lectron s from a
source S enter the chamber through a th in  window in  the side* and the
tracks o f those which cross the chamber during the sen sitiv e  period are 
illuminated by a collimated beam from a flash-lamp L* and photographed
by a stereescep ic pair a f cameras D and Q. The tracks are analysed 
e ith er  by making measurements d ire c tly  an the p la tes  or film s* or by 
returning the developed film  to  the cameras and projecting an image o f  
the tracks on to  a suitable screen*
During the early  1930*s Champion (C 3) using a s lig h t ly  modified 
form o f  the experimental equipment developed by Blackett (B 3* 4) and 
others for the photography o f  Or-r&y tracks* recorded a large number o f  
tracks o f e lectrons from a EaE source* The cloud-chamber used was 
cylindrical* about 16cm in  diameter and 6cm deep* but the u sefu l area 
was restr icted  to  a diameter o f  12cm by the n ecessity  o f screening the 
peripheral parts o f  the chamber from the illum inating beam which was 
inclined at 15° to  the horizontal* The tracks were photographed by 
two oameras with th e ir  image planes mutually at right angles (see  
Figure 16(b)}* The chamber was placed in  a uniform magnetic f ie ld  o f  
several hundred gauss* The measurements o f  curvature and sca tterin g  
angles were made d irec tly  on the photographic p la te s . Only c o ll is io n s  
in  which the electron  was deflected  in  a d irection  opposite to  the 
orig in a l d irection  o f curvature o f  the p a rtic le  were recorded* Suoh 
c o llis io n s  are more e a s ily  observed as they are indicated by a cusp in  an 
otherwise smooth curve*
In 1936 Champion (C 4} published the electron-nuclear sca tterin g  
data obtained from the analysis o f  875 metres o f  traok in  nitrogen.
A comparison o f  the experimental observations with predictions based on 
various theories i s  shown in  Table 4 . The best agreement i s  with the 
Mott theory which gives over the angular range 20° -  180° a ra t io  o f  
experiment to  theory o f  0*85* Almost as good agreement i s  obtained*
15.
however* by in sertin g  the r e la t iv is t ic  expression m<y^-p2)*for the 
electron  mass in  the c la s s ic a l Butherford expression. (Column 5 ) .
TABLE 4
Ang. In t. Obs. Mott Darwin C lassica l o i l  -  (3*)
20° -  30° I l l 142 146 579 145
30° -  60° 73 80 108 347 86
60° -180° 17 16 50 95 26
20° -180° 201 238 304 1021 257
About the same time Skobeltzyn and Stepanova (S 4} and Stepanova 
(S 5* 6} reported resu lts  o f  measurements on electron  scatterin g  in  
nitrogen whiohvrere greatly  at variance with the above* and with the 
th eoretica l pred iction s. For the energy range 0*2 -  1*1 Mev they 
found a ra tio  expt. : theory o f about 1*5* and for the range 1* 5 -3 .0  
Ifev a ra tio  o f 10 to 30. Bos shard and Scherrer (B 5 ) , somewhat later*
a lso  observed excessive scattering in  nitrogen at large sca tter in g  an g les.
On the other hand JCLarmann and Bo the (K 1} found the scatterin g  
cross-section s in  krypton and xenon for electrons in  the energy range 
0*5 -  2*6 Ifev to  be much smaller than the th eo retica l values* the ra tio  
expt. : theory being 0*16 and 0*2 resp ectiv e ly .
Further work on nitrogen by Borisov e t  s i  (B 6 ) , Bleuler (B 7) and 
Bleuler* Scherrer and Zunti (B 8) fa ile d  to  confirm the large discrepancies  
reported by Skobeltzyn and Stepanova* though the agreement with theory 
and the in ternal consistency was not good.
Bleuler et, a l  a lso  measured the scattering c o e ffic ie n t  in  fluorine  
and in  argon* and obtained resu lts  in  approximate agreement with theory
the ra tio  exp t. : theory being 1*2 and 1*3 resp ectiv e ly . ^ s u i t s  for 
argon reported by Stepanova (S 6} gave good agreement over the energy 
range 0?2 -  1*1 Ifev but 2*5 times the th eo retica l value in  the range 
1*5 -  3"0 Mev.
Further work with heavy scatterin g  elements gave very incon sisten t  
r e su lts . The low value observed by Klarraann and Both© for scatterin g  
in  xenon was not confirmed by Sen Gupta (G 3) who obtained a ra tio  exp t. ? 
theory o f 0*85. On the other hand Champion and Barber (0 5 ) , (B 12} 
obtained very low cross-section s for scatterin g  in  iodine and in  mercury* 
the ra tio s  being 0*4 and 0*15 resp ectiv e ly . In 1943 Segrist (S 7} 
obtained close agreement with theory for electron  scatterin g  in  iod in e.
The source o f electrons in  a l l  these experiments was one of the natural 
{3-omitting radioactive elements, usually  BaC or BaE.
It i s  d if f ic u lt  to  draw any conclusions about the v a lid ity  o f the 
r e la t iv is t ic  theory o f scatterin g  from resu lts  of such wide d iv ers ity , 
though i t  i s  noticeable that the general tendency in  the la te r  re su lts  
i s  towards better agreement with theory. It i s  unfortunate that many 
authors do not describe in  d e ta il the experimental techniques and methods 
o f analysis which they employed. In a la te r  sectio n  i t  i s  pointed out . 
that unless the quality  of the tracks and o f the track photography i s  o f  
a high standard* serious errors in  in terpretation  are l ik e ly  to  occur.
The standard appropriate to  th is  type o f work i s  such that individual 
background drops should be c learly  distinguishable over the whole o f  the 
illuminated part of the cloud chamber. Since i t  i s  only w ithin redent 
years that rare gas discharge lamps have been developed o f su ff ic ie n t  
output to allow  the v e r t ic a l photography o f  individual drops a,nd th in ly
io n isin g  tracks over a large oloud-chamber volume, i t  seems probable that 
the large discrepancies observed by some e a r lie r  workers are attributab le  
to  experimental d i f f ic u lt ie s  in  the photography and consequent inaccuracies  
in  the analysis o f  the tracks.
One recent in vestiga tion  which appears to  be largely  free from the 
above objections i s  that o f Eandels, Chao and Crane (B 1 ) . These authors 
described an extensive in vestiga tion  covering a wide energy range and 
involving measurement on 2173 metres o f e lectron  track in  a ir , argon, 
krypton and xenon. For lower energies (up to 1*5 Ifev} the source was 
radioaotive phosphorus, P32: for moderate energies (1*5 -  2*5 Mev), a
capsule containing 0»5mg. o f  radium. The energy range was extended up 
to 12 Mev by using the electrons produced by the bombardment o f  Li8 by 
deuterons. The cloud-chamber used was small (15cm in  diameter) but was 
fu lly  automatic. The tracks were photographed by 35mm cameras, one with  
i t s  ax is  v e r t ic a l, the other with i t s  ax is  at 20° to  the v e r t ic a l .  The 
number o f tracks was restr ic ted  to  an average o f  three per photograph in  
order to  avoid confusion. These authors were among the f ir s t  to  use the 
method o f  projected angles for the measurement o f curvature and scatterin g  
angles, the resu lts  being compared with a projected form o f the Mott 
scattering formula. No large discrepancy with theory was observed for  
any o f the gases in  any o f the energy ranges.
The r e su lts , sumned over a l l  energies and a l l  scatterin g  elements are 
shown in  Table 5.
TABLE 5
tag. Range 15°-25° 25°-35° 35°-45°
o o 4 5 - 5 5 55°-S5° 65° -75°





Theory 569 *5 126*7 45*3 21*6 11*5 6*5 3*9 2*5
Expt* 529*5 152*5 64*0 27*0 13*5 9*0 3*0 3*0
There i s  a measured excess o f  scatterin g  over the calculated values in  the 
in tervals 25°-35°, 35°-45°, and 45°-55° o f  20$, 45% and 25$ resp ectiv e ly .
The authors regard the evidence for a s ig n ifica n t excess over theory as 
strong, though not conclusive. The authors used the approximate Mott 
formula in  ca lcu latin g  th eo retica l va lu es. Expansion o f the Mott formula 
beyond the f ir s t  term g ives appreciably larger scatterin g  cross-section s  
for elements o f  medium and high atomic number but an approximate ca lcu la tion  
by the w riter shows that the increase i s  not su ff ic ie n t  to  account for the 
discrepancy.
The number o f cases o f  large energy lo ss  during c o ll is io n  was too  
small to  permit s t a t i s t ic a l  study, only two c o ll is io n s  in  which the energy 
lo ss  was more than 50$ being observed in  the xenon series*  The number 
predicted by theory was e ig h t.
The general conclusion drawn from the in v estig a tio n  was that the
highly anomalous resu lts  obtained by some e a r lie r  workers were not
substantiated. The measurements, however, were not s u ff ic ie n t ly  exact
to te s t  the Mott formula in  d e ta il .  In connection with a comparison
between the f u l l  Mott formula and the f i r s t  term only (which i s  equivalent ! 
to  the Rutherford formula with r e la t iv is t ic  mass} the authors date -
"It i s  our opinion that the combination o f the inaccuracies in  the
cloud-chamber measurements made to  date and the uncertainties due to  the 
approximation in  the theory place such a d ecision  ju st outside the range 
o f p o ss ib ility ."
The th eo retica l p osition  has since been improved by the work o f  
B artlett and Watson (B 1, 2) and McKinley and Jhshbach (Iff 3) whose 
calcu lations enable the scatterin g  cross-section  to  be found fo r  a l l  
elem ents. The d if f ic u lty  remains, however, o f  securing su ff ic ie n t  
esqaerimental data to  d istin gu ish  unambiguously between the r e la t iv is t ic  
and the sem i-c la ss ica l theory, the resu lts  from which,except for heavy 
elements ,do not d iffe r  greatly .
The only post-war measurement on e lectron  scatterin g  in  gases by 
the oloud-chamber nethod was recorded by Champion and Say (C 6) in  1948* 
Three Geiger counters were placed inside a chamber containing n itrogen, in  j  
such a p osition  that they were traversed only by electron s scattered through! 
a large angle. Expansions were made at one minute in terva ls  w ith the 
photographic p late permanently exposed. Illum ination was arranged to  |
occur, and a record obtained, when a counter was discharged by an e lectro n  | 
scattered through an angle between 80° and 130°. 1500 expansions were made!
I
for every photograph obtained. A correction was applied for  p a r t ic le s  |
   ' |
missed by the counters, and only those scattered w ith in  a lim ited  area o f
the chamber were included in  the s t a t i s t i c s .
•  . . . . . .  , . . ,   , |
I









85° -  100° 74, 88 55
100° -  120° 34 34 37
120° -  180° 23 23 26
85° -  180° 131 145 118
This g iv es, over the angular range 80^—180°, a ra tio  expt#5 theory o f  
1*2* Thus the anomalous excessive scattering at large angles in  nitrogen, 
observed by Skobeltzyn and Stepanova and by Bosshard and Scherrer, was 
not oonfirmed. The conclusion was that in  nitrogen the Mott formula i s  
in  good agreement with experiment at a l l  angles o f  sca tter in g .
A summary o f the resu lts  o f  a l l  the experiments on the nuclear 
scattering o f  electrons in  gases by the cloud-chamber method, so far as  
the author has been able to  c o lle c t  them, i s  presented in  Table 7* 
Information on the p rincipal non-oloud-chamber experiments has a lso  
been oolleoted in  Table 3*
Scattering o f  Bositrons
As previously mentioned the source o f  electrons in  nearly a l l  the 
experiments described was one o f the naturally occurring radioactive  
elements -  usually  radium or one o f  i t s  products. The lack o f  any 
corresponding work on the equally important problem o f  the scatterin g  
o f positrons can be attributed to  the d if f ic u lty  o f  obtaining a su itab le  
positron source* Only two experiments have been reported on the nuclear 
scattering o f  positrons and in  both o f  these the scatterin g  was mainly
plural or m ultip le.
In 1938 Fowler and Oppenheiner ( F I )  used a se r ie s  o f  cloud-chamber 
photographs taken to  determine the energy spectrum o f  the Y -ra d ia tio n  
emitted by the bombardment o f  lithium  with protons,in  order to  obtain  
data on the scattering and lo ss  o f  energy o f  fa st  e lectron s and positrons  
in  traversing a th in  sheet o f  lead . The tracks o f  234 electron s and 
128 positrons o f energy between 7*5 and 14*5 Ifev. were analysed. 21 
electrons and 8 positrons had emergent tracks too short fo r  measurement. 
The resu lts  obtained are shown in  Table 9 .
TABLE! 9
Comparison of electron and positron scattering.
N u m b e r
S c a t t e r e d
R a t io  E l e c t r o n /  
P o s i t r o n  S c a t t e r i n g
N o
8 .5 °  
TO 14 .5 ° > 1 4 . 5 ° 8 .5 °  TO 1 4 .5 ° > 1 4 . 5 °
E lectrons 2 5 5 3 6 27
O b s .
0
1.2 ± 0 . 3
T h e o r .
1.3
O b s .  
1 .6  ± 0 . 4
T h e o r .




According to  the Wentzel oriterion  the scatterin g  was s in g le  beyond 
13°. The conclusion o f the authors was that some evidence had been found 
for an excess scattering at large angles o f  electrons over positrons  
(as predicted by r e la t iv is t io  theory). The preponderance o f  m ultiple 
scattering* however, introduces uncertainties and the observations 
are too few in  number to  have great s ig n ifica n ce .
In 1948 Lasioh ( L 1) studied the angular d istr ib u tion  o f  positrons
and electrons scattered in  a th in  gold f o i l  stretched aoross a cloud- 
chamber* The angular d istr ib u tion  was regarded as compedirided oof a 
multiple scatterin g  d istr ib u tion  marging in to  a sin g le  scatterin g  ' t a i l '  
at large angles* The source o f  positrons was an impure specimen o f  
Go 56 with a maximum p a rtic le  energy o f 1*2 Ifev* The e lec tro n  source 
for the upper part of the energy range was radio phosphorus, P 32, and 
for lower energies Ea(D + E) lead.
TABES 10
■ P R O JE C T E D  S IN G L E  S C A T T E R IN G  I N  G O LD  F O IL
Ij


















<1»i. 9 i)  ! 
E z p t. Theory 
(in units of 10~‘)
5 and  0 0-45 27°-54° 301 12 4-0 3-9  |
Positrons 7 and  8 0-68 21°-43° 3^6 13 3-5 3-5 !
9, 10, and  11 0-95 17°-33° 189 5 2-6 2-8
5 and  6 0-45 27°—54° 338 22 6-5 8-8
E lectrons 7 and  8 0-68 21°-43° 318 18 5-7 0-4
9, 10, 11, 
a nd  12 •
0-99 17°-33° 304 13 4-3 4-7
The small-angle scattering was found to  be in  reasonable agreement with  
multiple scatterin g  theory. A comparison between positron  a-rrj e lectro n  
scattering was made at larger scatterin g  angles "where the sin g le  scattering  
e ffe c t  was not greatly  d iluted  by the m ultiple scatterin g  process"• The 
data obtained are shown in  tab les 10 and 11.
TABLE 11
R A T IO  O F E L E C T R O N  TO  P O S IT R O N  S C A T T E R IN G  A T L A R G E  A N G L E S
R atio  o f
Mean E nergy Angular R ange Scattering P rob ab ility
(M ew) (<pi, cp2) E x p t. T heory
0 -4 5 2 7 °-5 4 c 1 -6  2 -3
0 -68 21°-43° 1 -6  1 -8
0-97 17°-33° 1-6  1-7
------  ■
The resu lts  again indicate a greater cross-section  for e lectron  than for  
positron scattering* but as in  the previous experiment the s t a t i s t ic a l  
basis i s  poor* and the uncertainties due to  a proportion o f multiple 
scattering remain.
Before concluding th is  chapter i t  may be u sefu l to  summarise the 
present sta te  o f agreement between experiment and theory as i t  appears 
from th is  review.
1) The scattering o f  electrons as measured by the io n isa tio n  chamber 
method agrees w ell with r e ja t iv is t ic  theory with regard to  energy 
dependence ( in  the range 1*27 — 2*27 Mev}* absolute in tensity*  and 
variation  with the atomic number o f  the sca tterer . It does not agree 
with the Butherford sem i-c la ssica l theory.
2} With the cloud-chamber method the large discrepancies observed by 
some e a r lie r  investigators have not been confirmed by recent work.
Bairly good agreement with theory i s  now general for sca tterin g  in
elements o f  low atomic number* but several large discrepancies s t i l l  
remain unexplained in  the case o f  heavier elem ents.
3} No s t a t i s t ic s  have been obtained on the sin g le  nuclear scatterin g  
o f positrons but some evidence has been produced in  experiments where 
multiple scattering predominated* o f an excess o f  e lectron  over positron  
scattering in  f o i l s  o f  heavy elem ents. This i s  in  agreement with  
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OUTLINE OP SCATTERING THEOBY AMD PROJECTION OF SCATTERING FORMULAE
The basic scatterin g  formula i s  that derived by Rutherford (R 2,p.l91) 
using c la s s ic a l Newtonian dynamics. For a beam o f  e lectron s o f  charge e ,  
and mass n^, moving with v e lo c ity  v in  the Coulomb f ie ld  o f  a nucleus o f  
charge Z the d iffe r e n tia l scattering cross-section , 6 ,  i s  given by 
6  =( ) c a s e  c *  %   (jE . I )
where @ i s  the angle between the incident beam and the d irection  o f  
scatterin g .
Exactly the same formula may be deduced by wave mechanical theory.
The so lu tion  i s  obtained most e a s ily  by using the Born approximation 
which i s  va lid  for electrons in  the energy range here considered.
The n o n -r e la tiv is tic  wave equation for motion in  a f ie ld  o f  p o ten tia l 
V i s ,  in  the usual notation,
*  - ^ - j r ( e _ v ) = O ,
/.e. (-Vz + k Z) f  = ^ * V f --- --------- CfT-*)
I 2where K -
r\jJ = 'Vo ,  where i s  o f the form e * ^ ,  representing a plane wave, i s  a
so lution  o f  equation ( I I .  2) with the R.H.S. = 0, i . e .  in  a f ie  Id-free
space•
In equation ( I I . 2) l e t  ^  = V, + 'VJ where V*, represents the e f fe c t  
o f the f ie ld
than ( v 2 + k*) V  = V(V/.  )n
= ~%Tg' ^ i f  V^, be neglected (Born*s
h
approximation)»




y  = .  - v  f (e)
Hence V  -* e lkz +■■ e l y < r  • f^e)
f ( 0 ) i s  xelated to  the scatterin g  cross-section  as shown below*
The number o f  p a r tic le s  per unit volume in  the scattered wave at 
distance r i s  |f ( 0 )  | / r z* I f  v i s  the v e lo c ity , the number incident 
per unit time on an element o f  area ds i s
v ds | f ( 0 ) | Z / t z  
i . e .  the number scattered per second in to  so lid  angle dw i s
v | f  ( 0} | 2 dw
But (0 ), the d iffe r e n tia l scattering cross-section  (or sca tterin g  
probability) i s  the fraction  o f  the incident p a r tic le s  scattered  at 
angle 0 per unit so lid  angle* Hence
6 ( 0 ) =  | f ( 0) ]Z
The problem i s  to  find the form o f f( 0) • The so lu tion  obtained by Mott 
i s  as follows*
The wave function representing the incident and scattered wave is
i  =  Ln(r) Tn (cose)  ,
n -O
and for the asymptotic form o f the scattered wave
^  Tr ’ e ll' r f ( 0 ) with
f W *  i f k  -  f l T w f w e ) .
n^o
f(0 ) i s  complex* The scattered in ten sity  6{Q)  = | f ( 0 ) |  i s  given
, 2 2
by the square o f the modulus i  *e • by A + B where
29
A = 2k  Z  O ^ ' X  C0S -  0  "Pn ,
B  = 2 k" 2  ( 2 l'l+‘ l ) 2 7 «  • ■
These ser ies  are in  general convergent, but there i s  only one oase in
which they can be summed in  terms o f known functions, namely the Coulomb
fie ld *  For t h is ,  as previously mentioned, the sca tterin g  cro ss-sectio n
is  the same as that given by c la s s ic a l theory (equation 11*1)* This
i s  not so far any other f ie ld  investigated*
The simple wave equation cannot be expected to  give correct re su lts
for high-energy e lectron s. However, the formula obtained by sub stitu tin g
z  —the r e la t iv is t ie  expression for the mass, 111 = 103 /  (1 - 0  )s , in  the 
Rutherford formula, namely
(S- = ( Z e Z  )* 1 ~ £ cosec 4 %   (lT-3).
\Znx0c z J p *
where v = 0c and fnQ = rest mass o f e lectron , g iv es , w ithin lim its  to  be 
discussed la te r , good agreement with experiment* I t  i s  the formula 
against which more refined expressions are usually  compared* The B«H*S* 
o f  equation (11*3} w i l l  be denoted by H.
The same problem can be solved using the r e la t iv is t ie  form o f  the
wave equation* This may be w ritten
T * f  +  { ( E - V ) z -  * z c 4 }  v  = o  ,
ThSre £ = tn c1 = m, t c *  , r = 0 - f Z) z
i . e . ( v * + k z) i >  = ^  v 2 )  y  — ----------- ( p . * ; ,
where the additional term on the R.H.S* a r ise s  from the varia tion  o f  
mass with v e lo c ity .
2$ •Neglecting the V term, the scatterin g  cross-section  obtained i s
^  7  ^ = r
that i s ,  the Rutherford formula ^ ith  r e la t iv is t ie  mass.
I f  the term i s  retained in  the r e la t iv is t ie  equation, the so lu tion
obtained i s  z a
6(e)  =  • ■+■ ATZoip sin&/2 ( A + terms of o rd er  e ^ ) j  ,
where of ® e Yfcc ~ •
The above r e la t iv is t ie  equation takes no account o f  e lectron  sp in .
In 1929 Mott (M 1) considered the scatterin g  problem from the stand­
point o f  Dirac*s r e la t iv is t ie  electron  theory. In the equation corres­
ponding to  (11.4} above there i s  an extra term representing the e f fe c t  
of spin .
The equation i s  ( c . f .  Williams, W 2}
( v * + k ' ) v ' - {  -  - f a  v x + i  | ? / t e J k  • p ( * — {*■*)
For a Coulomb f ie ld  the ra tio  o f the V term to  the V term (s~.. .
V _ a  ez = a Ze4 _ J_  = «2_ . t_
2m0ic* ~ r. 2mcz ( %c tn vr n J f  r
where \  = 2itK i s  the electron  wavelength. For a l l  values o f  Z the ra tio
i s  small at distances from the nucleus large compared with the wavelength
(r >  X  ) .  It can be shown that the ra tio  o f  the spin term to  the V
term i s  a lso  small for r ^  ^  .
Since scattering through an angle 6 in  the nuclear f ie ld  i s  due to
the f ie ld  at r 'v* V q ,  i t  follow s that for small-angle scatterin g
r "X y and the second and th ird  terms inside the bracket in  equation
( I I .5) are small compared with the f i r s t .  The scatterin g  in ten s ity
consequently d iffe r s  but l i t t l e  from the value deduced from c la s s ic a l
theory or n o n -r e la tiv istic  wave-mechanics (with the r e la t iv is t ie  
expression for the mass).
For scatterin g  at large angles, and p articu larly  by elements o f  
high atomic number, the second and th ird  terms are no longer sm all 
conpared with the f i r s t ,  and the scattering d istr ib u tio n  deduced from 
Mott’s formula d iffers  considerably, from the c la s s ic a l  one. This i s  
c lea r ly  seen in  Figure 5 which i s  referred to  below.
Returning to equation (11,5) the so lu tion  obtained by Mott i s  in  
the form o f a conditionally  convergent in f in ite  s e r ie s . It may be 
expressed
S (d ) = ft/ I -  (32:s in ZB/z  +  TTZoipi I -  o /n z%  +  term s o f  order 2b<,& * )  , e tc -J
This formula i s  fa ir ly  accurate in  the f i r s t  approximation for a l l  
angles, provided Z i s  small, but for large Z i t  i s  necessary to evaluate 
the terms in  Za, (Za) e tc .  Mott ( M2) ,  in  1932 evaluated the ser ie s  
accurately for the particular case of scattering in  gold at 90°. The 
calcu lation  o f the solution  for a l l  scattering angles was undertaken by 
Bartlett and Watson for the case o f mercury (Z = 8 0 ). In 1948 
McKinley and Feshbach expanded the Mott ser ies  in  the form o f  a power 
ser ies  in  Za and-^- ^  = v^cj# the ser ies  being hoourate for  the middle 
Z elem ents. By using the resu lts  o f B artlett and Watson they extended 
the calcu lation  to  obtain the cross-section  for scatterin g  o f  a l l  
elements to  an accuracy o f a few per cent. The re su lts  are given in  
terms o f the ratio  o f the calculated scattering cross-section  to  the 
Rutherford cross-section  at d ifferen t scattering angles. Figure 5 
shows the curve obtained for mercury from B artlett and Watson’s exact 
calcu lation  together with that due to  McKinley and Ibshbach. The
solution  o f the la tte r  even without adjustment i s  shown to  give a
sim ilar type o f curve.
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Comparison between ^-approximation and exact 
calculation of Bartlett and Watson for Hg. The energy of | 
the electron is 2 Mev. R  is the ratio of the scattering cross i 
section to Rutherford scattering.
FIGURE 5
M oK inley and Jbshbach a lso  deduced from Mott’ s theory an approximate
formula va lid  for ^ / i3? ^  0*2 whioh d iffe r s  s lig h t ly  from the Mott
approximate formula, and i s  more accurate over the middle range o f  angles.
McKinley and Feshbach* s approximate formula which i s
<s(d) = ft I  I - {3zs m z% f  i r z a p stn tfz ( ' -  smW z )}  (&(,)
may be compared with Mott’s approximate formula
a (6 )  = ft [  I - (}zs>n 1&/z + TTZol(i sm d/z  (  I -  sin*6/z  ) ]  ---------( x  7 )  .
It i s  apparent from Figure 5 that for elements o f  high atomic number, 
the r e la t iv is t ie  theory predicts cross-section s for e lectron  scatterin g  
quite d ifferen t from those expected on c la s s ic a l grounds. The ra tio  o f  
r e la t iv is t ie  to  c la s s ic a l cross-section  reaches a maximum o f nearly  
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1 he ratio R of the scattering cross section to 
Rutherford scattering as a function of Z/137 for the 
various scattering angles labelling each curve. Electron 
energy 4 Mev. The energv dependence of the ratio R mav 
be neglected within the nccurucv of these c a l c u l a t i o n s  
above 4 Mev.
to  very low values at angles greater than 150 .
Convenient graphs from which sim ilar curves can be drawn for any 
element have been constructed by McKinley and Sbahbach and are re­
produced in  Figure 6 , They give the ra tio  o f  the sca tterin g  cross-  
section  to  Rutherford scattering as a function o f  aZ at various 
scattering angles for electron  energies o f 1* 2 and 4 Ifev. A curve 
showing: the th eoretica l scattering o f 1 Mev electrons in  argon* con­
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FIGUSE 6 (d)
Throughout the d iscussion  on scattering the follow ing have been 
neglected:-
1 . The screening o f the nucleus by extra-nuclear electrons*
2* Radiative co llis io n s*
3* E lectron-electron c o ll is io n s .
The e ffe c t  o f these on the main scatterin g  d istr ib u tio n  can be shown to  
be n eglig ib le  in  the energy range in vestigated .
The scattering o f  an e lectron  through angle 0 in  a nuclear f ie ld  i s  
due to the f ie ld  at a distance r  ^  %/q • Substituting values
corresponding to the lowest measured angles and electron  energy g ives
- tot* aj 10 cm* which i s  smaller than the radius o f the innermost e lectron  
orbit* so that even in  the most unfavourable oase no sh ield ing o f  the 
nucleus occurs*
It can be shown that the number o f radiative c o llis io n s  to  be 
expected on th eoretioa l grounds during the passage o f electrons o f the 
energy investigated  ( ~ 1  Ifev) through a medium o f  the atomic number o f  
argon i s  extremely sm all.
E lectron-electron scatterin g  cross-section s are much smaller than 
electron-nuclear in  a l l  except the lig h te s t  elements* The two types 
of scatterin g  can in  any case be e a s ily  distinguished in  the cloud chamber* 
Positron Scattering.
On the basis o f  c la s s ic a l mechanics the scattering o f  positrons  
follow s the same law as the scattering o f electrons* If* however* 
the positron i s  regarded as a p o s it iv e ly  charged Dirac partic le*  the change 
in  sign  o f  the Coulomb force a ffe c ts  the spinr-orbital coupling* and resu lts  
in  an appreciable difference in  the scattering cross-section* jjarticu larly  
for elements o f high atomic number. Massey (M 4) using tab les  drawn up 
by Bartlett and Vfelton for the e lectron  oase* calculated the th eoretioa l
cross-section  for  the scatterin g  o f positrons in  mercury. The r e su lts  
o f h is  calcu lations for positrons o f  various energies are shown in  
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Angular distributions of positrons o f various energies scattered  by m ercury nuclei. 
The scattered intensity is given as tbo ratio  to  th a t, q1 cosec1 J0/&2, given by  th e  R utherford  
formula. Curves I - IX  respectively correspond to  positrons o f energies 0-046, 0-086, 0-145, 
0-232, 0-314, 0-463, 0-666, 1-28 and  3-35 me2.
FIGUKE 7 .
The graph shows th a t, according to the r e la t iv is t ie  theory* the scatterin g  
cross-section  for positrons i s  always lower than the Eutherford value* 
reaching a small fraction  o f  that value at large scatterin g  angles in  the 
case o f  high energy positrons. The large difference predicted between 
electron  and positron scatterin g  in te n s it ie s  in  a heavy element i s  w ell 
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—Calculated scattering v. angle for positrons and electrons.
FIGURE 8 .
For elements o f  low or moderate atomic number an approximate 
scattering formula sim ilar to  ( I I . 6} or ( I I . 7) can be used to  ca lcu late  
cw oss-seotions. The only a ltera tio n  i s  in  the sign  o f  the th ird term 
which for positrons i s  minus instead o f  plus* Figure 9 shows curves 
sim ilar to  those o f Figure 8 for the lig h t  element argon (Z *  13), but 











I MeV. electrons and positrons : calculated ratio of scattering to  Rutherford scattering 
(projected angles, p— I ) in Argon.
FIGURE 9 .
In oloud chamber experiments the region o f  in terest l i e s  in  the 
angular range 20° -  60°• Scattering angles smaller than 20° are 
d if f ic u lt  to  detect and measure accurately# and the number o f  events 
at angles greater than 60° i s  too small to  be s ig n if ic a n t. Figure 9 
shows that for the element argon the d ifference in  scatterin g  cross-  
section  for 1 Ifev electrons between the predictions o f the r e la t iv is t ie  
and the sem i-c la ssica l theory i s  very small in  the s ig n ifica n t angular 
range. The difference i s  too small to  be detected by the cloud chamber 
method. Indeed i t  i s  doubtful i f  any cloud chamber experiment has been 
able to  d istinguish  unambiguously between the Mott and Rutherford th eories  
by measurements on electron  scattering by any element. As Figure 9 shows#
'39 *
however, the scattering o f po&itrons o ffers  a much more sen sit iv e  t e s t  
o f the theory. Even for an element o f  comparatively low atomic number 
such as argon,the predicted d ifference i s  o f the order o f  20% in  the 
s ig n ifica n t angular range. This d ifference should be experim entally  
demonstrable by the cloud-chamber method. It may be noted that the 
method used by Van de Graaff e t  a l  (Gl, B3) which gave resu lts  in  good 
agreement with r e la t iv is t ie  theory ( see Figure 3) i s  not applicable to  
the positron  case, since i t  involved the use o f an a r t i f i c i a l l y  accelfifrated 
beam o f  e lectron s.
The co llec tio n  o f data on positron scatterin g  i s  thus o f  
considerable value, not only to  check the absolute scatterin g  in te n s ity  
and angular d istr ib u tion  but a lso  to  t e s t  the a p p lica b ility  o f  the Mott 
theory o f  sca tterin g , involving as i t  does the concept o f  spin , to
1
scatterin g  problems.
Projection o f Scattering Formulae.
I t  i s  convenient at th is  stage to consider the method o f converting 
the various scattering formulae to  a form suitable for comparison with  
measurements made in  a single plane, th is  being the method o f an alysis  
adopted (Chapter V).
Handels et, a l  (H I)  have derived the projected form o f the Mott 
scattering formula for the particular case in  which measurements are made 
on a l l  tracks, whatever th e ir  length. It i s  shown in  Chapter V that to  
obtain accurate measurements i t  i s  desirable to  accept tracks with lengths 
greater than a certain  minimum value. The projected form o f the general 
scattering law, making allowance for such a minimum length, has been
derived by 0*Ceallaigh and MacCarthaigh ( 0 1 ) ,  whose notation w i l l  be 
followed.
40-
The ca lcu lation  o f the scatterin g  angle d istr ib u tion  in  the
projected system i s  based on the fa c t that the usual scatterin g  formulas
can be expressed in  the form
V ( q)  de = N f  (* ,p )  F (e ) .  Z-rrsmO
where P(6)d@ i s  the probability  that a p artic le  moving at speed |3o through
a medium containing N nuclei o f atomic number Z per unit volume w i l l  be
scattered once through an angle ly ing between 0 and 0 + d0 in  a path-
length o f 1 cm, and where F(0) i s  o f  the form
cosecAb/z + Acosee3^  + B casec2^  + C cosec &/z  
e.g* in  Mott’s formula
F (9 ) = cosec 46/z  -  ^ cosecW ^  +7T!z<*p (co $ ec3Q/2 -  C0sec&/2 )
or, in  the formula derived by McKinley and Jbshbaoh
F ( q )  -  C o s e c 4 @ £  -  ^ 2 c o s e c 2 & /^  +  - 1 7 'Z o S f B  ( c o s e c 3 %  —  c o s e c 2 ^ )  -
The probability  o f  scattering into the angular range 0 to  0 + d0, 
where 0  i s  the projection o f  0 in  a plane perpendicular to  the ax is o f  
the camera (y -a x is . Figure 4) i s  shown to be
where a &
A A,, cos $
The boundaries o f the illuminated region o f the cloud-chamber are 
the planes y  = 1  a ,  A c i s  the minimum projected length o f  the tracks 
which are to be included in  the measurements* It i s  assumed that the 
incident p a rtic le s  travel normal to  the y-axis in  a p a r a lle l beam of 
uniform in ten sity  covering the en tire depth o f  the illum inated layer* 
Barker (B 10} gives value o f Pn(0}/& f(Z , 0} corresponding to 
 ^ “ 10°, 2 0 ° , , , , . .  *,90° for F(0J = cosecn^  where n = 1, 2, 3, aT»d 4 ,
and for values o f p = 0, 0*5, 1*0, and 2*0, From these f ig u re s , by 
graphical in tegration  or otherwise, the integrated values over su itab le  
angular ranges may be calculated* O'Ceallaigh (0  2) presents ta b les  
containing the integrated values calculated for the angular tanges 20°
-  30°, 30° -  40°, etc* for a number o f d ifferen t values o f  p. (  •
CHAPTER III  
CLOUD CHAMBER AND PHOTOGRAPHIC [TECHNIQUE
The discovery o f  the principle on which the cloud chamber operates 
followed d irec tly  from studies by Aitken (A 4) and Coulier (C 7 ) , and 
esp ec ia lly  C.T.R. Wilson (W 3) on the conditions for condensation or 
cloud-formation in  moist a ir ,  These conditions were c lea r ly  demonstrated 
by C.S .R. Wilson in  the in vestigation s described in  h is c la s s ic a l papers 
o f 1897 and 1889. Wilson found that in  a ir  in i t ia l ly  saturated with  
water vapour from which a l l  dust nuclei had been removed)three c r i t ic a l  
values o f  supersatuz&iion could be distinguished : -
1) Fourfold supersaturation at which negative ions begin to  act as 
condensation n u c le i.
2) S ixfold supersaturation at which p o sitiv e  ions begin to act as 
condensation n u c le i.
3} E ightfold supersaturation at which condensation takes place to  an 
extent which increases very rapidly with further increase in  
supersaturation on uncharged nuclei con sistin g  p ossib ly  o f  molecular 
aggregates.
In addition, follow ing the formation and evaporation o f  a cloud, nuele 
remain on which condensation takes place read ily  at low values o f  super-* 
saturation*
During the period 1901-1912 Wilson perfeoted the f ir s t  cloud-
chamber (see p . 61 for description}, in  which supersaturation conditions
corresponding to  condensation on ions were momentarily produced hy the
adiabatic expansion o f a closed volume o f  moist a ir .  He showed that i f
'old* ions were removed by means o f an e le c tr ic  f ie ld ,  the tracks o f  
charged p a rtic le s  which had traversed the chamber at or near the moment
of expansion were sharply defined by the drops condensed on the ions 
formed along the tra jectories*
Sudden expansion i s  not the only method o f producing the required 
supersaturation* Recently in terest has been revived in  continuously 
sen sitiv e  chambers o f  the type due to  Langsdorf (L 2 ) , in  which conditions 
for condensation on ions are produced by the d iffu sio n  o f  a vapour 
(Methyl alcohol) through a region in  which a large temperature gradient 
i s  maintained* Chambers o f th is  type may have some important applications  
in  the future, but they have not yet been applied in  any extensive  
investigation*
The follow ing d iscussion  refers to  the normal cloud-chamber o f  the 
Wilson type in  which supersaturation o f  lim ited duration i s  produced by 
the adiabatic expansion o f  a given volume o f gas saturated with vapour
i
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The f u l l  lin e  in  Figure 10 shows how the number o f  drops per unit 
volume varies as the saturation ratio  i s  increased. The corresponding 
expansion ra tios (for  an air-water-vapour mixture) are a lso  shown along 
the ab sc issa . The dotted lin es  indicate the contributions made at eae|s 
value o f  supersaturation by the three types o f condensation n u cle i-  
negative ions* p ositive  ions and neutral molecular aggregates. It i s  
apparent from the figure that the most u sefu l region, corresponding to  
condensation on a l l  the ions without the formation o f  appreciable numbers 
o f background drops, i s  o f very lim ited ex ten t. The corresponding 
values o f expansion ra tio  are equally c r i t ic a l .  It fo llow s that a 
necessary feature o f a good cloud-chamber design i s  provision for  
accurately adjusting the expansion ra tio  ( to  w ithin  one part in  200 or 
b etter )•
The figure i s  drawn to represent id ea l conditions in  which complete 
condensation on ions occurs before the background drops are appreciable 
in  number. The re a lisa tio n  o f such conditions requires carefu l choioe 
o f the constructional m aterials o f the chamber and the utmost a tten tion  
to  c lean lin ess in  assembling the parts in  contact with the sen sitiv e  
volume. The introduction o f  even minute q u an tities o f some substances 
advances the onset o f background condensation and may e a s ily  lead to  
conditions in  which the tracks are scarcely d istinguishable against the 
background fog . The presence o f small leaks must a lso  be avoided because 
of the deleterious e f fe c t  o f  the introduction o f  dust-laden a ir .
In Wilson* s cloud-chamber the only substances which come into  
contact with the sen sitiv e  volume were g la ss  and gela tin e: th is  was
id ea l for the avoidance o f  contamination. In la te r  chambers substances
such as perspex, s ta in le ss  s t e e l ,  brass and rubber have been introduced 
without any appreciable e ffe c t  on the quality  o f  the tracks, but aluminium,
and base m etals in  gen eral, appear to  be sources o f  contam ination.
The action  o f  u ltra v io le t  lig h t  undoubtedly leads to  heavy condensation 
but there i s  usually no d if f ic u lty  in  excluding such radiation  from 
the chamber*
In a chamber assembled from clean m aterials and completely free  
from leaks i t  i s  necessary before operation to  remove the dust n u clei 
which are always present in  the gas* This i s  done by making repeated 
slow expansions during which drops are formed on the n uclei and. allowed 
to s e t t le  on the flo o r  o f the chamber* The clearing process i s
considerably accelerated i f  the floor  i s  covered with g e la tin e , which
presumably acts by firmly retain ing the nuclei which s e t t le  on i t ,  thus 
preventing th e ir  redispersion during subsequent expansions* Indeed 
M lson  on occasion went so far as to  coat the en tire inner surface o f  
the chamber with g e la tin e , but the o p tica l properties o f the g la ss  were 
thereby destroyed. An a lternative and frequently used background 
m aterial i s  a black velvet sheet saturated with the condensing substance* 
This was found by the writer to  be only s lig h t ly  le s s  e f f io ie n t  than a
gelatine layer in  i t s  clearing action*
When a chamber has been thoroughly cleaned by repeated slow  
expansions i t  i s  in terestin g  to  observe the change in  the appearance 
o f the tracks as the expansion ratio  i s  gradually increased* This i s  
best done with a chamber containing a ir  and water vapour, for which the 
c r it ic a l  supersaturation lim its  and the corresponding expansion r a tio s  
are accurately known. The expansion ratio  control i s  f ir s t  calibrated by
%e
observing the pressure changes at various se ttin g s  in  the normal and 
expanded p o sitio n s, time being allowed between each reading for  the 
re-establishm ent of temperature equilibrium# A pplication o f  Boyle’s  
Law then g ives the corresponding volume changes*
A weak (3-particle source, such as a sm all p iece  o f  an old  radon 
tube placed near a window in  the sid e o f  the chamber, forms a convenient 
source o f  e lectron s*  A good source o f  illu m in ation  focussed in to  a 
f la t  beam i s  necessary fo r  the v isu a l observation o f  the tracks and 
drops, which are most c le a r ly  seen  from an oblique angle (vide in fr a .J .
As the expansion ratio  i s  gradually increased from a low value, a point 
is  eventually reached (EJR* l«25j at which condensation begins to take 
place on negative ions# The tracks at th is  stage appear d iffu se  as some 
of the ions move appreciably in  the e le c tr ic  f ie ld  before being fixed  hy 
condensation# As the expansion ra tio  i s  further increased, more and more 
ions act as condensation centres. Negative ions formed along tracks are 
fixed almost immediately so that the tracks are sharply defined# At 
th is  stage the density o f background drops in  a ’clean1 chamber i s  
n eg lig ib le . As the expansion ratio  r ise s  beyond the lim it for  condensation 
on p ositive  ions ( I s31), a d iffuseness or tr a ilin g  appearance occurs on 
one side o f the tracks. This i s  due to  movement o f the p o sitiv e  ions in  
the e le c tr ic  f ie ld  from the region o f the track where the supersaturation  
i s  reduced by condensation on the negative ions to  a region where the 
supersaturation i s  su ff ic ie n t  for the p ositive  ions to  act as condensation 
centres# Further increase in  expansion ra tio  removes the d iffuseness and 
resu lts  in  appreciable improvement in  the q u ality  and sharpness o f  the 
tracks. The p ractica l lim it in  very clean chambers ooours at about
4&
an expansion ra tio  o f l* 35?at which value condensation takes place
on a l l  ions o f each s ign . The increase in  the number o f  background
drops, which i s  slow during the stages described, then becomes much more
rapid, and i f  the expansion ra tio  i s  further ra ised , the tracks soon
become indistinguishable against the heavy drop background. The onset
o f background condensation occurs at lower expansion ra tio s  in  the
presence o f  small traces o f contamination, and tracks o f the highest
quality  are not then obtainable. It i s  usually  found that the performance
o f  an in i t ia l ly  clean chamber deteriorates slow ly with tim e, presumably
owing to  the accumulation o f  contamination, by chemical a ction . A fter
some weeks o f  use the background conditions become unacceptable and the
chamber has to be dismantled and cleaned. This may involve immersing
metal parts in  weak acid so lu tion  followed by scrubbing in  water containing
a detergent such as 'te e p o l1 and then by prolonged and thorough rinsing
in  clean running water. The g la ss  parts, p articu larly  the upper p la te
through which the photographs are taken, must a lso  be thoroughly cleaned
taken
and polished. The opportunity i s  u su a lly /to  wash ox' replace w ith fresh  
m aterial, parts such as rubber diaphragm, background velw et, e t c .  which 
come into contact with the sen sitiv e  volume.
The values o f supersaturation and expansion ra tio  shown in  Figure 
10 refer to  a chamber containing a ir  and water vapour. In a l l  cases 
the c r it ic a l  region in  which condensation takes place on ions but not on 
other nuclei i s  of very lim ited ex ten t. It may happen o f  course that no 
such region e x is t s ,  general cloud formation occurring before condensation 
on ion s, in  which case the vapour i s  u se less  for cloud-chamber work.
"Water vapour i s  exceptional in  condensing more e a s ily  on negative than on 
p ositive  ion s. For nearly a l l  other vapours or combinations o f  vapours
48,
the reverse i s  found to be the case*
A combination o f  vapours frequently used i s  that o f water and 
eth y l alcohol in  the proportion by (liq u id ) volume o f 1:3* This 
mixture has the advantage o f  requiring a lower expansion ra tio  than 
either o f the vapours alone* This in  turn reduces the mechanical move-* 
ment and temperature drop during the expansion, which helps in  the 
avoidance o f  turbulence* One disadvantage i s  that the alcohol d iffu ses  
through rubber more rapidly than water vapour, so that in  ohambers with  
rubber diaphragms the proportion o f  the vapours, and consequently the 
expansion r a t io , a lte r s  alowly with time* The behaviour o f  the chamber 
at a given expansion ra tio  cannot then be taken as a d e fin ite  in d ication  
of i t s  performance*
The f a l l  in  temperature during an expansion i s  large- an e a s ily  r e -  
rnemb^rad'smemonic for the combination a ir  plus water vapour i s  the 
follow ing an expansion ratio  o f  l #xy corresponds to  a drop in  
temperature o f xy°C* e .g .  i f  the expansion ra tio  i s  1*30, the f a l l  in  
temperature i s  30°C.
In Figure 11 the lin e  AB represents the variation  with temperature, 
0, o f the saturation vapour density f  . Representing the i n i t i a l  s ta te  
of the vapour by the point C, and assuming that the gas mixture obeys the  
perfect gas laws, the re la tio n  between 0 and p during an adiabatic expan­
sion  i s  0 /  #-l=eonst*, indicated by the curve CD.
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The point I) represents a supersaturated state of the vapour, which, 
however, p er s is ts  for a short time only, the vapour returning to  i t s  
orig in a l sta te  v ia  a path such as DEC. This i s  due partly  to  the heat 
liberated  by condensation in to  drops and partly  to  heat absorbed from 
the w alls o f  the containing v e s se l, which do not share appreciably in  the 
f a l l  in  temperature* The la t te r  e f fe c t  i s  the more important in  
lim itin g  the sen sitive  time (time during which the super saturation i s  
su ffic ie n t for condensation on ions) in  normally operated chambers*
Williams (W 4} analysed the e f f e c t ,  and distinguished two regions o f the 
chamber -  a th in  layer near the w alls heated d ire c tly  by conduction from 
the w alls: th is  expands and heats by compression the second region, the
main volume o f  gas in  the chamber. The r ise  in  temperature whioh destroys 
the supersaturated condition and s e n s it iv ity  o f  the chamber thus occurs * '
almost simultaneously throughout the whole volume# Williams deduced for !
90
Tq,  the sen sitiv e  time df a chamber o f  volume V and surface area S, the 
expression T-- 1 ,7 7 rffey (f)M ----(*■->•
where (1  + rJ i s  the minimum expansion ra tio  for condensation on ions and 
(1  + r + S r} i s  the actual expansion r a tio . The sen sitiv e  time i s  
greater in  large chambers where the volume to  surface ra tio  i s  large.
I f  the condensation i s  heavy, the heat liberated in  the process i s  
not n eg lig ib le , but since the lib era tion  o f  heat i s  lo c a lise d , the 
magnitude o f the e f fe c t  i s  le s s  e a s ily  ca lcu lated . Hazen ( H I ) ,  however# 
deduced a formula corresponding to  ( 111. 1 } for the lim ita tio n  o f  s en s it iv e
time due to condensation, v iz .
-  1 J J r   (hl. z )
'  47T k W O  2/ s n ( d a f ] t  r  )
K d t  7 z
where n i s  the number o f  drops condensed per cc . and da0 i s  proportional
d t
to  the rate o f drop growth. Hazen a lso  showed that the resu ltant sen sitiv e  
time T i s  related  to T and 3-^  by the expression(I)* < 5 ?  -'
Measurements o f the sen sitiv e  times o f  a number o f chambers have shown 
fa ir ly  good agreement with the theory.
Prolongation o f  the sen sitive  time o f a chamber, though worth pursuing 
in  some applications such as searching for rare cosmic ray even ts, i s  o f  
l i t t l e  advantage where accurate measurements are required. The u sefu l 
sen sitive  time i s  lim ited by the onset o f turbulent motion o f the gasfwhioh 
produces d istortion  o f  the tracks. This becomes appreciable w ithin le s s  
than a second a fter  the completion o f  an expansion, and may lim it not only 
the useful sen sitiv e  time but a lso  the period available fo r  drop growth 
before the tracks are photographed. The turbulent motion i s  caused
largely  by in eq u a lities  o f temperature in  the gas but may be accentuated 
i f  ( 1 ) the gas i s  not in  thermal equilibrium before expansion, ( 2 ) the 
movement o f  the p iston  or rubber diaphragm i s  not uniform during expansion 
and free from o s c illa t io n  at the end, or (3) pockets o f  gas are present 
in  recesses in  the sen sitiv e  volume.
It i s  o f great help in  se ttin g  up stable thermal equilibrium  before 
expansion i f  the temperature o f the floor o f the chamber i s  kept s l ig h t ly  
below that o f i t s  surroundings. This may be done by regulating the flow  
of cooling water round the base o f the sen sitive  volume (see next chapter). 
Points (2) and (3) are taken care o f  in  a w e ll designed expansion chamber, 
and are a lso  discussed in  the next chapter.
Illum ination o f  Tracks.
Two types o f  illum ination are required -  a steady source for the j
v isu a l observation o f chamber conditions and an intense short-duration  
fla sh  for photographic recording. For the former a tungsten lamp o f the j
motor-car headlanp type with a straight horizontal filament was found very  
su itab le , the beam being focussed in to  a f la t  sheet by means o f  a j
cy lin d rica l le n s . Care has to be taken to  avoid lo ca l heating o f the 
chamber near the lamp. This can be prevented by interposing a sheet o f  |
heat-absorbing g la ss .
For photographic illum ination a number o£ d ifferen t sources have 
been used, including filament lamps momentarily over-run, mercury vapour 
cap illary  lamps subjected to a high tension  discharge (Wilson) or to  a 
pulse from a high voltage transformer ( Blackett): but in  recent years
these sources have been en tir e ly  superseded by the development o f  rare- 
gas lamps which are now commercially ava ilab le . These lamps
produce a good approximation to  a lin e  source o f  intense illum ination  
o f very short duration, and are therefore id ea l for cloud-chamber 
illum ination. N evertheless, the collim ation o f the beam from such a 
source requires great care i f  the highest standards o f track photography 
are to  be attained .
The lig h t-sca tter in g  e ffic ie n c y  o f  a drop f a l l s  o f f  very rapidly  
as the angle between the d irection  o f  the illum inating beam and the 
lin e  o f  view i s  increased. Measurements on the re la tiv e  in ten s ity  o f  
lig h t scattered at various angles from water and w ater-alcohol drops o f  
the size  encountered in  cloud-chambers (about 20 microns diameter) have 
been made by Webb (W 5 ) . The r e s u lts ,  illu s tr a te d  in  Figure 12, 
indicate a scattering in ten sity  at right angles to  the illum inating  
beam le s s  than 1% o f that at 20° .
A n g le  o f  
sca tter in g  (°)
R ela tive  scattered  in ten sity
W ater A lcoh o l-w ater
20 100 63




i - i i - * ■
0° 30° 60° 90° 120° 150° 180°
Scattering of light by cloud-chamber droplets. The full line covers the 
region investigated by Webb (1 9 3 5) ( •  water, O alcohol-water), the broken 
curve is conjectural.
FIGUEE 12 .
In cloud-chamber work the experimental arrangement usually  
n ecessita tes  photography by lig h t  scattered through about 90°, at which 
angle, as noted above, the scatterin g  e ffic ie n c y  o f  the drops i s  low*
Even a small amount o f stray lig h t  scattered from the background ser io u sly  
reduces the v i s ib i l i t y  o f the tracks. The amount o f  background sca tter  
can be reduced by good collim ation o f  the illum inating beam. The 
arrangement used i s  described in  the follow ing chapter. Figure 13 shows 
electron  tracks taken under optimum conditions o f illum ination . In 
Figures 14 and 15 which are ty p ica l routine photographs taken with the 
apparatus described in  the next chapter, lig h t scattered by the velvet  
background i s  v is ib le  over a small area, but the in ten s ity  i s  not 
su ff ic ie n t to  in terfere seriously  with the v i s ib i l i t y  o f  the e lectron  
tracks and individual drops.
Photographic Requirements.
In applications where accurate information i s  required, i t  i s  always 
desirable and sometimes e s se n tia l (as when drop counts are made) to  be 
able to  record on the photograph every separate drop in  the illum inated  
part o f  the chamber. Even under optimum conditions o f  illum ination , 
careful consideration must be given to the photographic system i f  
single-drop recording i s  the aim.
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FIGURE 1 3 : -  E l e c t r o n  t r a c k s  o f  v a r i o u s  e n e r g i e s :  op t im um  
c o n d i t i o n s  o f  i l l u m i n a t i o n .
J J
FIGURE 1 4 : -  'T y p i c a l  r o u t i n e  p h o t o g r a p h  s h o w i n g  e l e c t r o n  
t r a c k s  a s  a n a l y s e d .
FIGURE 1 5 : -  Same a s  F i g u r e  14 ;  a n  e l e c t r o n - n u c l e a r  c o l l i s i o n
i s  v i s i b l e  t o  t h e  l e f t  o f  t h e  c e n t r e  o f  t h e  p i c t u r e .
In recent Tears i t  has been customary, when large numbers o f
photographs are required, to  record on 35mm film* In view o f  the sm all
amount o f lig h t scattered and the n ecessity  for stopping down to  obtain
su ffic ie n t depth o f  foeus, i t  i s  always necessary to  use a fa s t  emulsion-
high speed recording film  i s  suitable* Preliminary work by the w riter
on 35nm film  using a Ieica  camera with a 5cm fo ca l length Ross-Besolux
lens indicated that the aim o f  recording drops over the whole area o f  a
12-inch diameter chamber could not be completely rea lised  even with a
powerful lig h t  source d issip atin g  several hundred jou les per flash*
I t  was found that e ien  under conditions such that su ff ic ie n t  lig h t  was
co llected  from each drop to  produce an image, the spread in  the fa st
emulsion was such that drops close together were not resolved* Since
the s ize  o f  the drop-image was found to  be approximately independent o f
the m agnification, a d istin o t improvement in  drop reso lu tion  was obtained
at higher magnifications* I f ,  as i s  usually d esirab le , the whole
chamber i s  to  be covered by the photograph, the m agnification i s
determined by the frams-width o f  the film  used* For the present
in vestigation  6Qnm film  with standard perforations was employed* The
frame width o f  th is  film  i s  50am -  more than twice that o f  standard 35mm
film* To cover the en tire  12" chamber the reduction factor required
was S, compared with 12 for 35mm film* As expected, the drop reso lu tion
.showed considerable improvement over that obtained with 35mm
The size  o f  the image se ts  a minimum value on the fo ca l length o f  a
suitable lens* Since the lens has to  cover a f ie ld  o f  50mm diameter, a
fo ca l length somewhat greater than th is  i s  desirable* Other requirements
are an adequate aperture to record drop-image$ and minimum inage d isto r tio n  
under the conditions o f  use* A lens designed for enlarging thus
corrected for close working’ i s  the most su itab le type*
A stereoscopic pair o f  cameras designed to meet the sp ec ia l 
requirements discussed above were constructed for use in  the prdsent 
investigation* The cameras are described in  d e ta il  in  Chapter IV. 
Stereoscopic Arrangements.
To obtain information on the three-dimensional orien tation  and 
d isp osition  o f  tracks, two photographs from d ifferen t angles are required*
A number o f  d ifferen t arrangements have been used. Shimizu (S 8) employed 
the system shown in  Figure 16(a) in  which a single lens i s  used* but by 
means o f a system o f mirrors two images o f the chamber as i t  appears from 
d irections at right angles are produced alongside each other on the photo­
graphic plate • A serious disadvantage o f  th is  method i s  the small portion
o f  the chamber volume which i s  in  focus in  both view s. An a ltern ative
method used by Blackett ( B 11) in  which the image planes are at right
angles i s  illu s tra ted  in  Figure 16(b)
90°
j
P h o to g r a p h y  o f  tra c k s  o n  p la n e s  a t  r ig h t a n g le s . ( l i la c k c tt .)Photography of tracks in directions at right angles. (Shimizu.) j
( a ) ( b )
FIGURIS 16 .
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d if f ic u lty  o f  keeping the vfoole o f the chamber in  focus i s  overcome 
by t i l t in g  the lens plane with respect to  the image plane. I t  can be 
shown(£ict. o f  Applied Ihysics: Vol. 4 . p .400) that i f  the object* image 
and lens planes are arranged to have a common lin e  o f  in tersection* as in  
the diagram* the whole of the object plane i s  in  focu s. The magnification* 
however* varies from point to  point in  the image. This i s  not a serious  
objection i f  the track ahalysis i s  carried out by reprojeoting an image 
of the developed photograph through the sane lens system* as a l l  d isto r tio n  
i s  thereby automatically corrected.
In another arrangement shown in  Figure 17(a) the ax is o f  the len s i s  
vertioal*  A d irect image, and an oblique one obtained by r e f le c t io n  in  
a v e r tic a l mirror are formed alongside eaeh other* The arrangement used 
in  the present in vestiga tion  i s  shown in  Figure 17(b)* Two separate
©
cameras, one with i t s  ax is v e r t ic a l,  the other with ax is in clin ed  at 2© 
to  the v e r t ic a l were mounted on a r ig id  support* In the oblique camera* 
as in  the Blackett arrangement* the lens was t i l t e d  so that the plane 




The basic requirements of an expansion chamber may 
be summarised as follows:
(l) A p e rfe c tly  sea led -o ff volume in to  which can be in tro ­
duced the gas together w ith the condensing vapour a t  a s u i t ­
able p ressure .
(3) A mechanism fo r suddenly increasing th is  volume by an 
amount which can be accu ra te ly  co n tro lled .
(3) Provision of windows fo r illum ination  and observation 
o r photography of tracks*
In  add ition , fo r  normal cloud-chamber operation  where 
successive expansions occur a t  in te rv a ls  of, a t most, a few 
m inutes, i t  is  necessary to  make provision fo r slow c lea rin g  
expansions in  order to  remove re-evaporation  nuclei* I t  
is  a lso , in  p ra c tic e , e s se n tia l  to  apply an e le c tr ic  f ie ld  
to  the  sen s itiv e  volume to  remove rap id ly  from the  f ie ld  of 
view, ions produced by rad io ac tiv e  contam ination, cosmic 
rays, or o ther sources. The operation of th e  cloud chamber 
i s  e a s ily  upset by f lu c tu a tio n s  in  tem perature: fo r  accurate 
work some form of tem perature co n tro l such as w ater cooling 
of the  chamber, or a i r  conditioning of the room, i s  necessary* 
The expansion should be made in  such a way as to  avoid ,as
f a r  as p o ss ib le ,tu rb u len t motion in th e  gas during and 
immediately a f te r  an expansion. C onstructional m ate ria ls  
have to  be chosen c a re fu lly , as some substances such as 
aluminium and o ther base metals have been found to  produce 
contamination when introduced in to  the se n s itiv e  part of 
the chamber.
The o rig in a l cloud-chamber o f C.T.R. Wilson (W6) has 
served as a model for subsequent designs which, w ith few 
exceptions, have followed the same general p r in c ip le s . I t s  
construction  is  i l lu s t r a te d  in Figure 18. The chamber 
proper consisted of a g lass  cy linder w ith a g la s s  cover- 
p la te , the expansion being effected  by the movement of the 
f lo o r  which consisted  of a p is to n  ground to  s l id e  accu ra te ly  
in to  the outer cy linder. The expansion took place on open­
ing a valve connecting the lower side of the f lo o r  to  a 
vacuum re se rv o ir . The pressure of the gas in  the chamber 
caused the p iston  to  drop suddenly u n t i l  i t s  motion was 
a rres ted  by a wooden block. A pool of water a t  the base of 
the  cy linder acted as a re se rv o ir of vapour and also  as a 
sea l for the chamber. The flo o r was covered w ith  a lay e r 
of blackened g e la tin e  which served as a good photographic 
background, and also  probably aided th e  removal from the gas 
of dust or other contam inants. The tracks were illum inated 
through the cy linder w all and photographed through the upper 
g lass  p la te .
Wilson’s original cloud chamber.
A B  = ex p a n sio n  cham ber, cylindrical in shape and com pletely  closed, 
B  =  m ovab le  base w hich slides inside cylinder E and serves as piston, 
F — rubber sh eet resting on a brass disk G to  arrest downward  
m otion of B,
D =  high ly  evacu ated  vessel w hich m ay be put in com m unication  
w ith  th e  space below  B by  opening the va lve  C,
W W  = w o o d en  blocks reducing the air space w ithin  the cham ber,
/  = stop cock  on opening w hich space below  B is connected w ith  the  
atm osphere and the p iston brought back to  the original 
position ,
J  = p in c h  cock  for adjusting the in itial position  of th e  p iston and 
hence the expansion ratio,
K  =  battery  providing the electric field to rem ove stray ions just 
before a fresh expansion.
FIGURE 18
This design of chamber has the advantage of using ‘clean* 
m ate ria ls  throughout th e  se n s itiv e  volume. In  th e  hands o f 
Wilson i t  produced track s  of a q u a lity  which has probably 
not yet been improved upon. I t  was not, however, su ita b le
f o r  r a p id  or lo n g -c o n t in u e d  o p e r a t io n ,a s  t h e  c l o s e l y -  
f i t t i n g  p is t o n  and c y l in d e r  w ere  e a s i l y  jammed by s m a ll  
p a r t i e l e s  o f  g r i t ,  and th e  v a lv e  r e l e a s e  m echanism  w as 
cum bersom e.
In  th e  cham ber d e s c r ib e d  ab ove t h e  vo lum e b e fo r e  and 
a f t e r  e x p a n s io n  w as d e f in e d .  In  a l a t e r  d e s ig n  a l s o  due  
t o  C .T .R .W ilso n  (W 7), th e  e x p a n s io n  was produced  by th e  
movement o f  a ru bber d iaphragm . The p r e s s u r e  b elow  th e  
diaphragm  was su d d en ly  a l t e r e d  b etw een  d e f i n i t e  l i m i t s ,  one  
o f  w h ich  was u s u a l l y  a tm o sp h er ic  p r e s s u r e ,  and t h e  r e s u l t ­
in g  c h a n g e s , com m unicated t o  t h e  s e n s i t i v e  vo lu m e, prod u ced  
th e  r eq u ire d  s u p e r s a t u r a t io n .  T h is  m ethod h a s n ot b een  
much used a s  i t  r e q u ir e s  m ore fr e q u e n t  a d ju s tm e n t  o f  exp an ­
s io n  c o n d it io n s  b u t t h e  e s s e n t i a l  f e a t u r e s  o f  th e  d e s ig n  
h ave been in c o r p o r a te d  in  many r e c e n t  v o lu m e -d e f in e d  c lo u d -  
cham bers.
In  su b seq u en t work th e  g e n e r a l  te n d e n c y  h a s  b een  to  
d e s ig n  th e  c lo u d -ch a m b er f o r  a s p e c i f i c  p u r p o se , and a l s o  
t o  in c r e a s e  t h e  r a te  o f  t r a c k  r e co rd in g  b y  a u ta n a t ic  c o n t r o l  
o f  th e  v a r io u s  o p e r a t io n s .  F or exam p le , B la c k e t t  (B 15) 
d e s ig n e d  an e n t i r e l y  a u to m a tic  cham ber f o r  u se  in  c o s m ic -  
r a y  w ork . The d im e n s io n s  w ere  su ch  th a t  th e  chamber 
c o u ld  be p la c e d  in  th e  r e s t r i c t e d  sp a ce  b etw een  th e  p o le s  
o f  a la r g e  e le c tr o m a g n e t .  D e s c r ip t io n s  o f  num erous o th e r
expansion chamber designs have been published (of* 02)« 
A sec tion  of a chamber and associa ted  equipment used in  
recent measurements on e lec tron  sca tte r in g  i s  shown in  
Figure 19•
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Detail of a Wilson cloud chamber (Crane).
FIGURE 19
The cloud-chamber and con tro l equipment used in  the 
p resent in v estig a tio n  were designed on the b as is  of the 
experience gained in the operation  of two e a r l ie r  models, 
designated types WA” and WB,,# These w il l  now be b r ie f ly  
described*
C loud-cham ber, Type HAn ,
The se n s itiv e  volume of th is  chamber was bounded by
i
a g l a s s  c y l in d e r  o f  d ia m e te r  1 0 ” and d ep th  2&n 9 an  u p p er . 
p l a t e  o f  i n t h ic k ,h ig h  q u a l i t y  p l a t e  g l a s s ,  an d a low er  
m ovab le  b r a s s  p l a t e .  The l a t t e r  se p a r a te d  th e  chamber 
p ro p er  from th e  lo w er  com partm ent w h ich  c o n s is t e d  o f  a 
s im i la r  g l a s s  c y l in d e r  s e a le d  to  a s o l i d  b r a s s  b a s e - p la t e *  
The m ovable p la t e  w as susp en d ed  by m eans o f  an a n n u la r  
rubber su p p ort w h ich  was s e a le d  b etw een  th e  two b r a s s  r in g s  
w hich  se p a r a te d  th e  upper and lo w e r  c y l in d e r s *  The e s s e n ­
t i a l  f e a t u r e s  o f  th e  chamber a r e  shown in  a sch em a tic  d i a ­
gram (F ig u r e  2 0 ) .  The u pper p o s i t i o n  o f  th e  m ovable p l a t e ,  
d ete im in ed  by th e  cone and d i s c  arrangem ent shown in  th e  
f ig u r e ,  was a d j u s t a b le  by m eans o f  th e  screw  ( 7 ) .  The 
p l a t e  w as h e ld  in  t h i s  p o s i t i o n  b y  a s l i g h t  e x c e s s  o f  
p r e s s u r e  in  th e  lo w e r  com partm ent. The e x p a n s io n  was p r o ­
duced by th e  op en in g  o f  a m a g n etic  v a lv e  (5 )  w h ich  c o n n e c te d  
th e  lo w er  chamber t o  a vacuum r e s e r v o ir *  T h is  v a lv e  c o u ld  
be r e s e t  by th e  l e v e r  ( 6 ) .  When th e  m ain v a lv e  w as opened  
th e  p r e s su r e  on th e  upper s u r fa c e  o f  th e  m ovable p la t e  
cau sed  i t  t o  drop  r a p id ly  u n t i l  i t s  m o tio n  w as a r r e s te d  b y  
t h e  wooden b lo c k  ( 4 ) .  The s e a l  betw een  th e  upper and 
lo w e r  com partm ents was m a in ta in ed  by th e  ru b b er  a n n u lu s  
w hich  s tr e tc h e d  d u r in g  th e  e x p a n s io n . S low  e x p a n s io n s
C L O U D  C H A M B E R  T Y P E  A
y  /  /  /  / x  x.T
www t^
Blackened ge lat ine  layer.  
Annular rubber  suppor t .  
Water cool ing  tu b e  
Wooden s t o p  b lock 
Expans ion  valve.
Manual  valve r e s e t  
Exp a n s i o n  r a t i o  c o n t r o l
FIGURE 2 0 .
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were produced by a l te rn a te ly  ex trac tin g  a i r  from and adm itt­
ing a i r  to  the lower compartment via a needle valve.
With th is  chamber considerable d i f f ic u l ty  was a t 
f i r s t  experienced in  m aintaining good thermal conditions.
The notab le  p la te  was insu lated  from the re s t  of the chamber 
by the  rubber ring  and tended to respond more slowly to  
tem perature changes. Overnight, th is  was responsible for 
a gradual movement of liqu id  from the base-p la te  to  the 
top and sides of the chamber. This d if f ic u l ty  was la rg e ly  
overcome, and more s tab le  thermal conditions during opera­
tio n  obtained, by a ttach ing  a water cooling tube (3) to  the 
lower surface of the p la te .  By con tro lling  the w ater flow, 
the base of the chamber could be maintained a t a s l ig h t ly  
lower tem perature than i t s  surroundings. Connections to  
the outside were made via f le x ib le  rubber tubes which did 
not a ffe c t the movement of the p la te  during expansions. 
During the  night when the  water flow was discontinued an 
e le c tr ic a l ly  heated pad was placed above the g lass  p la te  to 
prevent m igration of the l iq u id .
The upper surface of the movable p la te  has to  be 
blackened since i t  is  normally the background against which 
the  track s  are  photographed. I t  a lso  ac ts  conveniently 
as a re se rv o ir  fo r the condensing vapour. Surfaces of 
various kinds were t r ie d ,  including black X-ray film  soaked
6 8
in  w a te r , aquadag, f i l t e r  p ap er soaked  in  d i l u t e  I n d ia n  
in k , and b la ck en ed  g e l a t i n e .  The l a s t  was found m ost 
s u i t a b l e  p ro v id ed  a s m a ll  q u a n t ity  o f  co p p er  s u lp h a te  o r  
a s p ir in  w as added to  p r e v e n t  b a c t e r i a l  g ro w th . W ith such  
a background and w ith  t h i s  ty p e  o f  cham ber th e  problem  o f  
l i g h t  s c a t t e r  i s  m in im al s in c e  th e  sm ooth b la c k  s u r fa c e  
s c a t t e r s  v e r y  l i t t l e  l i g h t  and th e  p la t e  i s  in  any c a se  
w e l l  below  th e  i l lu m in a t in g  beam in  th e  expanded p o s i t i o n .
The chamber w as d e s ig n e d  w ith  p a r t ic u la r  a t t e n t i o n  t o  
t h e  a v o id a n c e  a s  f a r  a s  p o s s ib le  o f  tu r b u le n t  m o tio n  in  
th e  g a s  d u r in g  and im m ed ia te ly  a f t e r  an  e x p a n s io n . For t h i s  
r e a so n  th e  m ovable p l a t e  w as made a c l o s e  f i t  t o  th e  o u te r  
b r a s s  r in g ,  th e  gap b e in g  about one t e n th  o f  an in c h .  T h is  
h a s th e  a d d i t io n a l  a d v a n ta g e  o f  e x p o s in g  v e r y  l i t t l e  rubber  
to  th e  s e n s i t i v e  v o lu m e. The s t r e t c h  in  th e  ru b b er  d u r in g  
an e x p a n s io n , h ow ever , i s  c o r r e s p o n d in g ly  l a r g e ,  and d i f f i ­
c u l t y  w as som etim es e x p e r ie n c e d  in  a v o id in g  s m a ll le a k s  
i n t o  th e  chamber d u r in g  r a p id  e x p a n s io n s . The ra p id  
ch an ge in  t e n s i o n  o f  th e  ru b b er i t s e l f  may be r e s p o n s ib le  
fo r  background c o n d e n sa t io n  ( c f .  W8, p . 51) but i t  seem s 
more p r o b a b le  t h a t  th e  i s o l a t e d  p u f f s  o f  c o n d e n sa t io n  n o t  
in f r e q u e n t ly  o b serv ed  w ere  due to  m in u te  l e a k s .
When v e r y  c a r e f u l l y  c le a n e d  and assem b led  t h i s  chamber 
w as v e r y  f r e e  from  background c o n d e n sa t io n  but d i f f i c u l t y
was e x p e r ie n c e d  in  m a in ta in in g  i t  a t  i t s  optimum w ork in g  
c o n d it io n  o v e r  lo n g  p e r io d s  o f  tim e#
0 lo u d -ch a m b er . Type WBW.
T h is  ty p e  o f  cham ber, a d iagram m atic s e c t io n  o f  w h ich  
i s  shown in  F ig u r e  2 1 , i s  a developm ent o f  th e  ru b b er d ia ­
phragm chamber o f  G. T. B.  W ilso n , b u t th e  e x p a n s io n  i s  d e ­
f in e d  in  texm s o f  volum e r a th e r  th a n  p r e s su r e  changes'. The 
up p er com partm ent was s im i la r  t o  th a t  o f  ty p e  "A” , but th e  
f l o o r  c o n s is t e d  o f  a f ix e d  b r a s s  p la t e  p e r fo r a te d  w ith  a 
la r g e  number o f  h o le s  ( 2 ) .  Clamped b etw een  th e  f in g  o f  
t h i s  p la t e  and a s im i la r  r in g  a t ta c h e d  t o  th e  b a se  p l a t e  
w as a ru b b er diaphragm  d iv id in g  t h e  chamber in t o  two s e a le d  
com p artm en ts. In  th e  lo w e r  com partm ent t h e r e  was a se co n d  
p e r fo r a te d  p la t e  ( 5 ) ,  th e  v e r t i c a l  h e ig h t  o f  w h ich  r e l a t i v e  
to  th e  f ix e d  p l a t e  cou ld  be a c c u r a t e ly  a d ju s te d  by th e  
screw  ( 8 ) .  The p o s i t i o n  o f  th e  lo w er  p la t e  d eterm in ed  th e  
e x p a n s io n  r a t i o .  A tta ch e d  t o  th e  b a se  p la t e  w as t h e  m ain • 
e x p a n s io n  v a lv e  (6 )  w ith  m anual r e s e t  ( 7 ) .
The p r e s s u r e  in  th e  lo w er  com partm ent was n o im a lly  
h e ld  s l i g h t l y  in  e x c e s s  o f  t h a t  in  th e  u p p er , th e  ru bber  
diaphragm  th e n  l y i n g  in  c o n ta c t  w ith  th e  lo w er  s u r fa c e  o f  
th e  u p p er p e r fo r a te d  p l a t e .  When th e  v a lv e  p lu n g e r  was 
r e le a s e d  th e  ru b b er w as fo r c e d  on t o  th e  lo w er  p e r fo r a te d  
p l a t e ,  th u s  p rod u cin g  t h e  re q u ir e d  sudden e x p a n s io n  o f  th e
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FIGURE 2 1 .
g a s  in  th e  cham ber. T u rb u len ce  w as m in im ised  by d i s t r i ­
b u t in g  th e  f lo w  o f  a i r  o v er  a la r g e  number o f  h o le s  in  
t h e  f ix e d  p l a t e .  To in c r e a s e  f u r th e r  t h e  u n i f o im it y  o f  
t h e  f lo w  and t o  p ro v id e  a s u i t a b l e  background a g a in s t  w h ich  
t o  p h otograp h  th e  t r a c k s ,  th e  upper s u r fa c e  w as co v ered  
w ith  a s h e e t  o f  b la c k  v e l v e t  ( 1 ) .  T h is  a l s o  r e ta in e d  th e  
e x c e s s  con d en sed  v a p o u r . T em perature c o n t r o l  was m ain ­
t a in e d  by ru n n in g  w a te r  th ro u g h  a tu be (3 )  a t ta c h e d  t o  th e  
lo w e r  p l a t e .  (
One d isa d v a n ta g e  o f  t h i s  ty p e  was th e  a p p r e c ia b le  
amount o f  l i g h t  s c a t t e r e d  by th e  v e l v e t  b a s e .  T h is  c o u ld  
be m in im ised  o n ly  by s e v e r e l y  c o l l im a t in g  th e  i l lu m in a t in g  , 
beam. The v e l v e t  w as n o t a s  e f f i c i e n t  a s  g e l a t i n e  in  
r e t a in in g  d u st  o r  o th e r  s m a ll p a r t i c l e s ,  but p ro v id ed  th e  
v e l v e t  w as k ep t damp, no d i f f i c u l t y  w as e x p e r ie n c e d  in  
C le a n in g ’ th e  cham ber. The drop background in  t h i s  ty p e  
was n ot a p p r e c ia b ly  g r e a t e r  th a n  in  Type "An and i t  r e ­
ta in e d  a good p erform an ce f o r  a much lo n g e r  p e r io d . Owing 
to  th e  a b se n c e  o f  h ea v y  m oving p a r t s  i t  was f a s t e r  and 
much q u ie t e r  in  o p e r a t io n  th a n  th e  f i r s t  t y p e .  L ig h t  g a s e s ,  
h ow ever, su ch  a s  hydrogen  and h e liu m , and even  a lc o h o l  
v a p o u r , d i f f u s e  f a i r l y  r a p id ly  th rou gh  th e  ru b b er , so  t h a t ,  
i f  su ch  a r e  p r e s e n t ,  th e  c o m p o s it io n  o f  th e  chamber g a s e s  
can n ot be c o n s id e r e d  c o n s ta n t  o v er  lo n g  p e r io d s ,  and th e
optimum e x p a n s io n  r a t i o  ch a n g es  s lo w ly  w ith  t im e .
D e s p it e  th e  d is a d v a n ta g e s  m e n tio n e d , th e  r e l a t i v e  
s i m p l i c i t y  in  c o n s t r u c t io n  and e s p e c i a l l y  th e  r e l i a b i l i t y  
in  o p e r a t io n  o v er  lo n g  p e r io d s  o f  ty p e  MB" w as su ch  th a t  
i t  w as d e c id e d  t o  c o n s tr u c t  a s im i la r  but la r g e r  v e r s io n  
f o r  u s e  in  th e  m ain s c a t t e r in g  i n v e s t i g a t i o n .
Twelve-inch Cloud-chamber.
A d iagram  show ing in  d e t a i l  and t o  s c a le  a s e c t i o n  o f  
t h i s  chamber i s  p r e se n te d  in  F ig u r e  2 2 .
In  g e n e r a l c o n s tr u c t io n  and mode o f  o p e r a t io n  i t  was 
s im i la r  t o  ty p e  WB" d e s c r ib e d  a b o v e , but i t  in c o r p o r a te d  
a number o f  new f e a t u r e s  and im provem ents, some o f  w h ich  
r e s u lt e d  from  th e  a u th o r 1 s  e x p e r ie n c e  w it h  th e  s m a lle r  
ch am b ers. The upper p l a t e  th rou gh  w h ich  th e  t r a c k s  w ere  
p h otographed  w as o f  t h e  h ig h e s t  q u a l i t y  p la t e  g l a s s ,  f r e e  
from b u b b le s  and o th e r  d e f e c t s .  I t s  o p t i c a l  p r o p e r t ie s  
w ere f u r t h e r  im proved by h a v in g  t h e  s u r fa c e s  p o l is h e d  and 
fr e e d  from  s m a ll  s c r a t c h e s  by an  o p t i c a l  f ir m . F or t h e  
b e s t  p h o to g r a p h ic  r e s u l t s  a h ig h  o p t i c a l  q u a l i t y  and s t r i c t  
c l e a n l i n e s s  o f  th e  upper p la t e  i s  e s s e n t i a l .
The s e a l  b etw een  th e  upper p la t e  and c y l in d e r  (3 )  and 
betw een  th e  c y l in d e r  and th e  p e r fo r a te d  p la t e  (6 )  w as o f  
le a d  w i r e .  T h is ,  when com pressed  b y  t ig h t e n in g  th e  n u ts  
round t h e  upper r in g ,  made an  e x c e l l e n t  a i r - t i g h t  s e a l :
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FIGURE 2 2 : -  A s e c t i o n  o f  t h e  t w e l v e - i n c h  e x p a n s i o n  c h a m b e r  
u s e d  i n  t h e  i n v e s t i g a t i o n .
the upper w ire a lso  formed a convenient e lec trode fo r the 
e le c tro s ta t ic  clearing  f ie ld .
The fiv e  windows (4) through which the p a r tic le s  
were introduced in to  the chamber consisted of th in  mica 
d isc s  attached to brass rings which were waxed in to  holes 
d r i l le d  in  the g la ss  cy linder. Care was taken in  the 
design of the ring  supports to  ensure th a t the mica windows, 
when in  p lace, were f lu sh  w ith the  inner surface of the 
cy lin d er.
The velvet sheet (5) was stretched t ig h t ly  across a 
m etal ring  to  give as f l a t  a background surface as possib le . 
The sheet was sa tu ra ted  w ith the w ater-alcqhol mixture by 
spraying from an atom iser.
Various types of rubber sheet were tr ie d  fo r the main 
diaphragm (8 ). These were examined ca re fu lly  fo r flaws 
and minute p in -ho les and only sp e c ia lly  selected  areas 
were used. S u itab le  portions were tre a te d  w ith d ilu te  
cau stic  soda so lu tio n , scrubbed in  soapy w ater and f in a l ly  
thoroughly rinsed and allowed to  dry . Good re su lts  were 
obtained w ith sheets composed of equal proportions of 
n a tu ra l rubber and neoprene of th ickness 1/32" or 1/64".
The rubber sheet was clamped between the fixed perforated 
p la te  and the r in g  of the base p la te  round which there  was 
a double ridge of ra ised  m etal. To ensure a perfect seal
the  th in  rubber sheet was re in forced  by an annuius of 
th ic k e r  rubber.
The upper p la te  (7) was perforated w ith a very large 
number of small holes (about 25 per square inch) to  ensure 
uniform ity o f a i r  flow during expansion. The lower p la te  
was d r i l le d  w ith  la rg e r holes but was covered w ith a th in  
perforated  m etal sheet to  provide a more uniform support 
fo r  the rubber in  the expanded p osition . The movement of 
the p la te  was con tro lled  by a cy linder attached to  the 
lower surface which s lid  smoothly in to  a second cy linder 
attached to  the base p la te .  A pin on the outer cy linder 
running in  a s lo t  in  the inner prevented the l a t t e r  revolv­
ing when the screw (11) was tu rned . Movement of the screw 
was thus tran sfe rre d  in to  v e r tic a l  movement of the lower 
p la te . The p o sitio n  of th is  p la te  and hence the expansion 
r a t io  was in  th is  way smoothly and accu ra te ly  con tro llab le*
The needle valve (10) shown in  the Figure was one o f 
two which gave access to  the lower compartment, and enabled 
slow c learing  expansions to  be made. The main expansion 
valve (12) connected the lower compartment via the o u tle t 
(18) to  a la rge  s te e l  tank kept continuously evacuated by 
a ro ta ry  vacuum pump. The valve was m agnetically  operated 
i t s  a c tio n  being as follow s. The small annular a i r  gap 
i s  normally closed by a so ft s te e l  disc-shaped armature
which i s  attached to  a b rass rod and d is c . To ensure 
proper sea ting  of th e  armature a non-rig id  connection is  
made between i t  and the b rass  rod. The upper surface of 
the  disc i s  rubber covered (14) and in  the  closed p o sitio n  
e f fe c ts  a sea l against a b rass ring  attached to  a short 
length  of sylphon bellows (13). The magnet cu rren t is  
adjusted u n t i l  the force on the armature is  ju s t su ff ic ie n t 
to  m aintain the seal (14) against the pressure above i t .
When th e  cu rren t is  suddenly reduced, the plunger is  
th ru s t rap id ly  downwards, thus leaving a large gap fo r  the 
rapid flow o f a i r  from the lower chamber compartment. This 
movement was so rapid th a t i t  was found necessary to  in se r t 
a rubber b u ffe r (15) to avoid frac tu re  o f the metal a t  the 
poin t where the  plunger h i t  the upper surface of the magnet.
To re se t the valve i t  is  not of course su ff ic ie n t to  
re s to re  the  cu rren t: the  armature has to  be ra ised  u n t i l
i t  again makes contact w ith the poles of the magnet. This 
was accomplished by means of the  re se t solenoid and plunger 
(17). On applying a la rge  momentary curren t the s tee l 
plunger,which normally r e s ts  aga inst the bottom of the 
c y lin d ric a l extension to  the main valve casing , i s  pulled 
sharp ly  upwards and conveys the movement, via a brass rod, 
to  the  armature which i s  then  held firm ly  by the action  
of the main solenoid. This type of valve and re se t
mechanism worked very s a t i s f a c to r i ly  fo r long periods w ith­
out tro u b le .
Valve (19) i s  one of the two used fo r admitting gas 
to , o r flushing out the chamber. The hole leading to  the 
in side  of the chamber is  made of very small diam eter ( l /6 4 M) 
to  minimise movement of trapped gas during expansions.
Cloud-chamber Control C irc u i t .
The function  of the con tro l c i r c u it  was to  carry  out 
au tom atically  the numerous operations involved in  taking a 
cloud-chamber photograph. These may be l i s te d  as follow s:
(1) Opening of main expansion valve
(2) Opening of camera sh u tte r .
(3) Opening of p a r tic le  sh u tte r .
(4) Triggering of flash  discharge lamp.
(5) R esetting main valve.
(6) Closing camera s h u tte r .
(7) Closing p a r tic le  sh u tte r .
(8) Performance of slow c learing  expansions.
(9) Transport o f film .
The timing of these operations has to  be con tro lled  to  
varying degrees of accuracy.
The whole of the above sequence of events was i n i t ­
ia ted  by pressing a button on the con tro l panel. $he
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and p a r tly  by e lec tro n ic  means* The e s se n tia l  elements 
in  the  con tro l c i r c u i t ,  to g e th er w ith the associated e lec­
t r i c a l  power supplies are shown in  Figure 23.
Conventional r e c t i f i e r  u n its  supply +275 v o lts  
(smoothed), -  100 v o lts  (smoothed), 2500 v o lts  (fo r  d is ­
charge lamps) and 24 v o lts  ( fo r  motors, re lay s , e tc ) .
¥ .1  i s  an amplifying valve for use in  conjunction 
with a timing un it designed to  synchronise cloud-chamber 
expansions w ith pulses frcm a synchrotron. I t  is  not r e ­
quired in  the type of in v estig a tio n  described here.
S .l  i s  the main operating button . When th is  switch 
is  closed a large negative pulse is  applied to  the  g rid  of 
V.2 which stops conducting. The re su ltin g  p o s itiv e  
pulse on the  anode of ¥ .2  is  applied via condenser C\7 to  
the g rid  o f ¥ .3  which i s  normally biased to  c u t-o f f .  The 
negative pulse on the  anode of ¥ .3  acting across C.6 p re­
vents the g rid  of ¥ .2  a tta in in g  i t s  normal p o te n tia l for 
about one second, u n t i l  i t  i s  restored via R .9. ¥ .2  then
becomes conducting again . The long negative pulse on the 
screen o f ¥.3 is  fed to  the con tro l g rid  of ¥ .4  which stops 
conducting fo r about a second. The main valve solenoid 
L.4 and the main re la y  L .l  which are in  se r ie s  with ¥ .4  
are thus given ample time to  operate . The curren t through 
L .4 , which is  indicated on the meter E .l ,  i s  adjusted by
r e s is to r s  R.17 and R.18 t i l l  it i s  ju s t su ff ic ie n t to  hold 
the-main expansion valve c losed . Thus, immediately the 
negative pulse reaches the grid of V.4 the  expansion i s  
in i t ia te d .  When switch S .2 is  closed, su ff ic ie n t current 
passes through L.4 to  hold the  expansion valve closed, and 
pressing th e  main button does not produce §n expansion.
This is  u se fu l in  te s tin g  the operation of o ther p a rts  of 
the c i r c u i t .
V.5 i s  a thy ratron  va lve . Switch S .5 is  nom ally  
closed . S .4 i s  a contact switch on the re lay  L . l .  When 
S .4 c lo se s , the  g rid  p o te n tia l of V.5 r is e s  a t  a ra te  de­
pending on the se ttin g  of the  variah le  r e s is to r s  R.21 and 
R.23, u n t i l  V.5 f i r e s ,  discharging condenser C.18 through 
the re la y  L .2 . The operation of th is  re la y  c loses the 
contact switch S .6 which discharges condenser 0.11 through 
the primary c irc u it  of the  induction c o i l  (motor ig n itio n  
e o il)  L .3 . The re su ltin g  high voltage pulse in  the second­
ary i s  conveyed to  the trig g erin g  e lec trodes in  the d is ­
charge lamps F .l  and F .2 . The spark breaks down the 
e le c tr ic a l  resis tan ce  of the gas,and the condenser banks 
C.16 and C.17, each of capacity  lOQ^F and charged to  2500 
v o lts , then discharge' through the lamps producing an in ­
tense f la s h  of short du ra tion . The duration of the f la sh  
may be increased and th e  energy d is s ip a tio n  of th e  lamps
im proved by in s e r t in g  in  s e r i e s  w ith  each  lamp an in d u c t­
a n ce  c o n s i s t in g  o f  a few  tu r n s  o f  low  r e s i s t a n c e  w ir e .
The s w itc h  S . 3 a l lo w s  th e  lam ps t o  be d isc h a r g e d  in d ep en d ­
e n t ly  o f  t h e  m ain b u tto n  S . l .
A n o th er  c o n ta c t  S . 12 on r e la y  L . l  e n e r g is e s  th e  s o l e ­
n o id s  L .6  and L .7  w h ich  open  th e  camera s h u t t e r s .  The 
s h u t t e r s  open a lm o st a s  so o n  a s  th e  m ain b u tto n  i s  p re sse d  
and rem ain  open f o r  about a s e c o n d . T h is  am ply c o v e r s
th e  t im e  d u r in g  w h ich  th e ex p a n sio n  i s  com p leted  and th e
d ro p s grow t o  a s i z e  s u i t a b le  fo r  p h o to g ra p h y .
The r e la y  L . l  f u r t h e r  c l o s e s  t h e  c o n ta c t s  S . 23 w h ich  
b y  c o n n e c t in g  th e  24 v o l t  su p p ly  to  th e  w in d in g  L .8 a  o p e r ­
a t e s  t h e  r e l a y  L .8 .  The s w itc h  c o n ta c t  S .24  on L .8  c l o s e s
a f t e r  a s h o r t  in t e r v a l  w h ich  i s  c o n t r o l le d  by th e  s e t t i n g  
o f  R .33, a " s lu g g in g ” r e s i s t a n c e  a c r o s s  a second w in d in g  L .8 b  
on th e  r e l a y .  The c lo s in g  o f  S . 2 4  sen d s a cu rren t th ro u g h  
th e  s o le n o id  L .9  w h ich  o p e r a te s  th e  so u r c e  s h u t t e r .  The 
op en in g  o f  th e  s h u t t e r  ca n  th u s  be d e la y e d  t o  c o in c id e  w ith  
th e  b e g in n in g  o f  t h e  s e n s i t i v e  t im e  o f  th e  cham ber.
A f u r t h e r  s e r i e s  o f  o p e r a t io n s  in v o lv in g  lo n g e r  tim e  
d e la y s  i s  c o n t r o l le d  by e l e c t r i c a l  c o n t a c t s  o p er a ted  b y  
a d j u s t a b le  cams on a s h a f t  d r iv e n  b y  r e d u c t io n  g e a r in g  a t  
ab ou t 1 r .p .m . by an  e l e c t r i c  m otor M .3 . The sp eed  o f  th e  
m otor M.3 can  be a d ju s te d  by means o f  a s e r i e s  r e s i s t o r  R .2 9 .
The m otor i s  s ta r t e d  b y  th e  c lo s in g  f o r  about a second  o f  
th e  c o n t a c t s  S . 22 on th e  r e la y  L . l  and th e  d r iv in g  c u r r e n t  
i s  m a in ta in ed  f o r  a c o m p le te  r e v o lu t io n  o f  t h e  s h a f t  by  
one o f  th e  cam c o n t a c t s  S . 2 1 . The s h a f t  a l s o  o p e r a te s  a 
v a lv e  w h ich  c o n n e c ts  th e  lo w er  com partm ent o f  th e  chamber 
v ia  th e  o p en in g  (1 0 ) a l t e r n a t e l y  t o  th e  vacuum r e s e r v o ir  
and t o  th e  a tm o sp h ere . T hus, a f t e r  th e  m ain v a lv e  c l o s e s  
f o l lo w in g  a rap id  e x p a n s io n , two c o m p le te  c le a r in g  exp an ­
s io n s  a r e  a u t o m a t ic a l ly  p erform ed . A f t e r  a fu r th e r  
i n t e r v a l  o f  about 40 seco n d s  t o  a l lo w  t h e  r e -e s ta b l is h m e n t  
o f  te m p e ra tu r e  e q u il ib r iu m , th e  cham ber i s  read y  f o r  a n ­
o th e r  r a p id  e x p a n s io n . The b u tto n  sw itc h  S . 20 e n a b le s  
th e  m otor M.3 to  be s ta r t e d  in d e p e n d e n tly  o f  th e  r e l a y  L . l .  
S . 19 o p e r a t e s  in  c o n ju n c t io n  w ith  S . 11: when 8 .1 9  c l o s e s
S . 11 o p e n s . The m otor ca n  th en  be s e t  t o  run c o n t in u o u s ly ,  
and a n y  r e q u ir e d  number o f  c le a r in g  e x p a n s io n s  m ade, w it h ­
out a c t u a t in g  th e  cam eras d u r in g  each  r e v o lu t io n  o f  th e  
s h a f t .
The r e s e t  s o le n o id  L .5  i s  a l s o  n o rm a lly  o p er a te d  b y  a 
cam s w itc h  S . 9 on th e  m o to r -d r iv e n  s h a f t . The v a lv e  can  
a l t e r n a t i v e l y  be r e s e t  by th e  b u tto n  s w itc h  S .8 .
Two f u r th e r  s w it c h e s  S . 15 and S . 17 on th e  cam s h a f t  
a c t i v a t e  th e  m otors M .l and M .2 w h ich  tr a n sp o r t  th e  f i lm  
in  th e ca m era s. The m otors a r e  s to p p ed  a f t e r  th e  f i lm
h a s  moved on e x a c t l y  one fram e b y  m ic ro  s w itc h e s  ( S .1 4 ,
S . 16) i n s id e  th e  cam eras (v id e  i n f r a ) .  The f i lm s  can  *
a l s o  be s e t  in  m o tio n  by th e  b u tto n  s w itc h e s  S .  13 and 
S . 1 8 .
The lam ps D .2  and D .3  in d ic a t e  th a t  m otors M .l  and 
M .2 a r e  r u n n in g . D .4 , a lamp fo r  c o n tin u o u s  i l lu m in a t io n  
and v i s u a l  o b s e r v a t io n  o f  e v e n t s  in  th e  cham ber, i s  co n ­
t r o l l e d  by s w itc h  S . 2 5 . The lamp D . l  in d ic a t e s  w h eth er  
th e  m a in s  “o n - o f f *  s w itc h  S . 7 i s  c l o s e d .
A l i s t  o f  th e  v a r io u s  e le m e n ts  o f  th e  c o n t r o l  c i r c u i t  
w ith  s h o r t  d e s c r ip t io n s  and com ponent v a lu e s  w here ap p ro­
p r i a t e  i s  g iv e n  in  A ppendix X.
C am eras.
The cam eras w ere d e s ig n e d  t o  m eet th e  f o l lo w in g  r e ­
q u ir e m e n ts .
( 1 )  A u tom atic  s h u t t e r  a c t io n  and tr a n s p o r t  o f  f i lm .
(2 )  L arge c a p a c i t y  f o r  f i lm  and a c c u r a te  l o c a t io n  in
p o s i t i o n  o f  e x p o s u r e .
(3 )  P r o v is io n  f o r  r e p r o j e c t io n  o f  d e v e lo p e d  f i lm  f o r
p u r p o se s  o f  a n a l y s i s .
The cam eras w ere su p p o rted  on a b r a s s  fram ew ork, one w ith  
i t s  l e n s  a x i s  v e r t i c a l ,  th e  o th e r  w ith  i t s  a x i s  in c l in e d  
a t  2 0 °  t o  t h e  v e r t i c a l .  The l a t t e r  was f i t t e d  w ith  a 
w 4d ge-sh ap ed  c o l l a r  b etw een  th e  body and th e  l e n s  m ount,
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FIGU'RB 2 4 s -  View o f  e x t e r i o r  o f  c a m e r a .
t h e  a n g le  o f  t h e  wedge b e in g  su c h  t h a t  th e  w h o le  p la n e  
o f  t h e  c lo u d -ch a m b er  was in  fo c u s  in  th e  im age p la n e .
A part from t h i s  f e a tu r e  th e  cam eras w ere i d e n t i c a l .
An e x t e r n a l  v iew  o f  one o f  th e  cam eras i s  shown in  
F ig u r e  2 4 . The body, e s s e n t i a l l y  a r e c ta n g u la r  box o f  
d im e n s io n s  a p p r o x im a te ly  12" x  4J" x  4 " , w as c o n s tr u c te d  
o f  i"  t h ic k  d u ra lu m in  s h e e t .  The s e c t io n s  w ere c a r e ­
f u l l y  m achined  and assem b led  to  en su re  l i g h t - t i g h t n e s s .
The rem ovab le  back  was l ik e w is e  a c c u r a t e ly  m achined and 
r e c e s s e d  to  ta k e  th e  rim  o f  th e  camera body (F ig u re  2 5 ) .
In  F ig u r e  24 i s  shown a t  (4 )  th e  s o le n o id  w h ich  opens  
th e  s h u t t e r  (5 )  by fo r c in g  a p lu n g e r  a g a in s t  th e  c a b le -  
r e l e a s e  p in .  The s h u t t e r  c l o s e s  by sp r in g  a c t io n  when 
th e  c u r r e n t  in  th e  s o le n o id  i s  cu t o f f  and th e  p r e s su r e  
i s  r e l e a s e d .  A 24 v o l t  D .C . m otor (2 ) g ea red  down to  
ab ou t 10 r .p .m *  d r iv e s  th e  ta k e -u p  s p o o l .  M anual advance  
ment o f  th e  f i lm  i s  p o s s ib le  b y  tu r n in g  knob (3 )  a f t e r  
d e p r e s s in g  t o  d is e n g a g e  th e  g e a r  w h e e l .  Movement o f  th e  
f i lm  in  th e  o p p o s i t e  d i r e c t i o n  i s  c o n t r o l le d  by knob ( 1 ) .  
The p in s  (6 )  a r e  used  in  l o c a t in g  th e  camera on th e  
su p p o r tin g  fram ew ork. The le n s  i s  one o f  a m atched p a ir  
o f  80 mm. f o c a l  le n g th  f / 4 . 5  T a y lo r -T a y lo r -H o b so n  "E ntal"
e n la r g in g  l e n s e s .
F ig u r e  25 show s th e  i n t e r i o r  o f  th e  camera and l i d .
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FIGURE 2 5 : -  View o f  i n t e r i o r  o f  c a m e r a
8?
The c a s s e t t e s  (8 )  h o ld  100 f e e t  o f  60 mm. p e r fo r a te d  f i l x i  
w h ich  i s  p u lle d  th ro u g h  an  a c c u r a t e ly  m achined g a t e  (6 )  
by th e  m o to r -d r iv e n  ta k e -u p  s p o o l .  The f i lm  i s  h e ld  
f l a t  in  t h e  p o s i t i o n  o f  ex p o su re  by a s p r in g - lo a d e d  g l a s s  
p r e s s u r e  p la t e  ( 7 ) .  By means o f  th e  sp r o c k e t w h ee l (4 )  
th e  f i lm  d r iv e s  th e  cam (3 )  w h ich  op en s th e  m ic r o sw itc h
(2 )  o n ce  in  each  r e v o lu t io n .  The e l e c t r i c a l  c o n n e c t io n s  
t o  th e  s w itc h  a r e  made by th e  p lu g  and so c k e t  (5 )  w h ich  
a r e  m ated on c lo s in g  t h e  l i d .  The l i g h t - t i g h t  c o v e r  (1 )  
in  th e  l i d  can  be removed t o  a l lo w  th e  in s e r t i o n  o f  a co n ­
d e n s in g  le n s  sy stem  f o r  u se  in  th e  r e p r o j e c t io n  o f  t r a c k s .
The e l e c t r i c a l  c o n n e c t io n s  t o  th e  m o to r , s h u t t e r  and 
m ic r o sw itc h  w ere ta k e n  t o  a s e v e n -p in  so c k e t  f i t t e d  t o  th e  
s id e  o f  t h e  camera and th e n c e  v ia  a p lu g  and c a b le  t o  th e  
e l e c t r o n i c  c o n t r o l  c h a s s i s  im m ed ia te ly  below  th e  c lo u d -  
cham ber. The a c t io n  o f  t h e  contrdL c i r c u i t  in  th e  o p e r a t io n  
o f  th e  cam eras h a s  a lr e a d y  been  d e s c r ib e d .
The cam eras co u ld  be lo a d ed  w ith  100 f e e t  o f  f i l m ,  
but f o r  a norm al run o f  t h e  a p p a ra tu s  25 f e e t ,  g iv in g  ab ou t  
150 e x p o s u r e s ,  w as found c o n v e n ie n t .  I l f o r d  5G91 o r  Kodak 
R55, f a s t  r e c o r d in g  f i lm s  o f  h ig h  c o n t r a s t ,  w ere u s e d . The  
f i l m s  w ere  ta n k  d e v e lo p e d  in  25 f e e t  l e n g t h s .  A d e v e lo p ­
in g  s p o o l  and w in d in g  g u id e  d e s ig n e d  f o r  35 mm. f i lm  was 
ad a p ted  t o  ta k e  th e  w id e r  f i l m .
The v e r t i c a l  camera was n o rm a lly  o p era ted  a t  f u l l  
a p e r tu r e  ( f / 4 . 5 )  a t  w h ich v a lu e  th e  d ep th  o f  fo c u s  was 
a p p r o x im a te ly  eq u a l t o  th e  d epth  o f  th e  illum inated p a r t  
o f  t h e  c lo u d -ch a m b er  ( 2 .5  cm ). For th e  o b liq u e  camera 
a s m a lle r  a p e r tu r e  ( f / 5 . 6 )  w as s u f f i c i e n t ,  s in c e  ev en  o v er  
2 0 ° ,  th e  in c r e a s e  in  l i g h t - s c a t t e r  i s  a p p r e c ia b le .  
I l lu m in a t io n .
As p a r t  o f  th e  p r e lim in a r y  work w ith  th e  s m a lle r  
c lo u d -ch a m b ers  t h e  c o n d i t io n s  f o r  optimum i l lu m in a t io n  
and th e  m ost s a t i s f a d t o r y  ty p e s  o f  lam ps w ere s t u d ie d .
The f i r s t  lam ps c o n s tr u c te d  w ere s im i la r  t o  t h o s e  u sed  by  
W ilso n , in  w h ich  t h e  d is c h a r g e  ta k e s  p la c e  in  a s h o r t  
colum n o f  m ercury  vap ou r produced by h e a t in g  th e  c e n t r a l  
p o r t io n  o f  a q u a r tz  c a p i l l a r y  tu b e  f i l l e d  w ith  m ercu ry . 
S h o r t ly  a f te r w a r d s  c o m m e r c ia lly  produced lam ps f i l l e d  w ith  
one o f  th e  r a r e  g a s e s  -  a rg o n , k ry p to n  o r  xen on  -  became 
a v a i l a b l e .  As th e  d e s ig n  o f  t h e s e  lamps im proved i t  
became o b v io u s  t h a t  in  c o n v e n ie n c e  o f  o p e r a t io n  and in  
l i g h t  o u tp u t th e y  w ere s u p e r io r  t o  th e  m ercury vap ou r t y p e .
A d e s c r ip t io n  o f  th e  ty p e s  in v e s t ig a t e d  w it h  comments 
on t h e i r  perform ance i s  g iv e n  b e lo w .
( 1 ) B .T .H . -  a rg o n  and m ercu iy  f i l l e d . T h is  w as an 
e a r l y  ty p e  o f  lamp d i s s i p a t i n g  a b o u t 10 j o u l e s ,  n ot su p er ­
i o r  i n  l i g h t  o u tp u t t o  th e  m ercury c a f i l l a r y  t y p e ,  b u t
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more c o n v e n ie n t  in  o p e r a t io n  a s  i t  d id  n ot r e q u ir e  h e a t in g .
( E) S iem en s -  k ry p to n  f i l l e d . T h is  lamp c o n s is t e d  o f  a 
tu b e  o f  f"  d ia m e te r  w ith  an e le c t r o d e  a t  ea ch  en d , th e  d i s ­
ch a rg e  b e in g  g u id ed  dcwn th e  c e n tr e  by an  in n e r  tu b e  o f  
d ia m e te r  a b o u t 4*f . The d is c h a r g e  was i n i t i a t e d  by a p p ly ­
in g  a h ig h  v o l t a g e  p u ls e  to  a w ir e  wrapped round th e  c e n t r a l  
p o r t io n  o f  t h e  t u b e .  T h ese  lam p s, r a te d  a t  100 j o u le s ,  
su r v iv e d  many hundreds o f  f l a s h e s .  The o n ly  o b v io u s  ch an ge  
was a c r a z in g  o f  t h e  in n e r  tu b e  and some in c r e a s e  in  th e  
breakdown v o l t a g e .  D isa d v a n ta g e s  w ere a r a th e r  sh o r t  an d , 
more s e r i o u s ,  w id e  d is c h a r g e  arc* w h ich  in c r e a s e d  th e  d i f f i ­
c u l t y  o f  f o c u s s in g  th e  beam in t o  a f l a t  s h e e t  o f  l i g h t .
( 5 ) G-.E.C. -  a rgon  f i l l e d . A d i s t in g u is h in g  f e a tu r e  o f  
t h i s  d e s ig n  w as th e  b u lb  (ab ou t one in c h  in  d ia m e te r )  blow n  
in  th e  q u a r tz  tu b in g  b etw een  th e  c e n t r a l  c a p i l l a r y  and each  
e l e c t r o d e .  D uring th e  d is c h a r g e  t h e  p r e s s u r e  in  th e  c a p i l ­
l a r y  r i s e s  t o  a v e r y  h ig h  v a lu e  and t h i s  in  c o n ju n c t io n  w ith  
th e  c r a z in g  o f  th e  in n e r  s u r f a c e  may be s u f f i c i e n t  t o  d is r u p t  
th e  tu b e .  The b u lb s  p resu m ab ly  a r e  d e s ig n e d  to  r e l i e v e  
th e  p r e s s u r e  b u i l t  up d u r in g  th e  d is c h a r g e .  D e s p ite  t h i s  
f e a tu r e  th e  l i f e  o f  t h i s  ty p e  w as not s a t i s f a c t o r y  when th e y  
w ere used  a t  t h e i r  r a te d  c a p a c i t y ,  150 j o u l e s .
( 4 )  P h i l i p s  -  xenon f i l l e d . T h is  lamp c o n s is t e d  o f  a 
lon g: q u a r tz  tu b e  w ith  s l i g h t  p r o tu b e r a n c e s  a t  th e  ends w here
th e  m ain  e l e c t r o d e s  e n t e r e d ,  th e  w h o le  b e in g  e n c lo s e d  in  a 
g l a s s  p r o t e c t i v e  c a s in g .  A th ir d  e le c t r o d e  co n veyed  th e  
t r ig g e r in g  p u l s e .  I t  proved  t o  be th e  mo^t s a t i s f a c t o r y  
ty p e  and w as used  th ro u g h o u t th e  m ain i n v e s t i g a t i o n .  A 
s in g l e  lamp o f  t h i s  ty p e  d i s s i p a t i n g  500 j o u le s  a t  each  
f l a s h  was fou n d  t o  g iv e  a d eq u a te  i l lu m in a t io n  f o r  s i n g l e ­
drop p h o to g ra p h y  o v e r  th e  w h o le  o f  th e  12” c lo u d -ch a m b er . 
O o lllm a t io n  o f  Beam.
The lamp w as m ounted in  a c y l i n d r i c a l  c a s in g  w hich  was 
e n t i r e l y  c lo s e d  e x c e p t  f o r  a lo n g  r e c ta n g u la r  op en in g  in  
fr o n t  o f  w h ich  w as m ounted a c y l i n d r i c a l  l e n s .  The p o s i t i o n  
o f  th e  lamp r e l a t i v e  t o  th e  le n s  c o u ld  be a d ju s te d  t o  g iv e  
a s  p a r a l l e l  a beam a s  p o s s i b l e .  The r e a r  s u r fa c e  o f  th e  
d is c h a r g e  tu b e  w as c o v e r e d  w ith  p o l is h e d  alum inium  f o i l  w h ich  
a c te d  a s  a r e f l e c t o r .  The lamp h o u s in g  w as su p p o rted  ab o u t  
9” from t h e  c lo u d -ch a m b er  c y l in d e r  by r o d s  a t ta c h e d  t o  th e  
clam ping p i l l a r s  o f  t h e  cham ber. The beam w as l im it e d  t o  a 
d ep th  o f  2*5  cm. by  m ask s, one n ea r  th e  l e n s ,  th e  o th e r  round  
th e  cham ber w a l l .  C a r e fu l  ad ju stm en t o f  th e  v e r t i c a l  h e ig h t  
and t i l t  o f  th e  lamp was n e c e s s a r y  to  p r e v e n t  s t r a y  l i g h t  
r e a c h in g  t h e  v e l v e t  b ack grou n d .
The M agn ets .
The c lo u d -ch a m b er  m a g n e tic  f i e l d  w as produced b y  a p a ir  
o f  la r g e  H e lm h o ltz  c o i l s  e a c h  o f  w h ich  c o n s i s t e d  o f  s i x  f l a t
9 1
c o i l s  o f  about* 160  tu r n s  o f  | n w id e  c o p p e r  s t r i p  i n s u la t e d  
b y  " A m it e ” im p regn ated  p a p e r  s t r i p .  The in d iv id u a l  c o i l s  
c o u ld  be c o n n e c te d  in  s e r i e s  o r  in  p a r a l l e l .  .For th e  
p r e s e n t  i n v e s t i g a t i o n ,  w h ere c o m p a r a t iv e ly  low  m a g n e tic  
f i e l d s  o f  1 5 0  -  300  o e r s t e d  w ere  em p loyed , th e  c o i l s  w ere  
c o n n e c te d  i n  s e r i e s  w ith  a v a r ia b le  r e s i s t o r  a c r o s s  th e  B .C . 
m a in s .
The r e s o lv in g  m agnet w as c o n s tr u c te d  from  £ w t h ic k  
s t e e l  p l a t e s  |k i n d l y  s u p p lie d  and m achined b y  M essrs  C o l -  
v i l l e s  L t d .}  and w as d e s ig n e d  (b y  D r. B . T ou sch ek ) p r im a r i ly  
f o r  u s e  w it h  h ig h  e n e r g y  e l e c t r o n s  and p o s i t r o n s  from  a 
s y n c h r o tr o n . The g a p  w as r e c t a n g u la r ,  o f  d im e n s io n s  10" x  
6U x  § * .  The m agnet s e r v e d  a u s e f u l  p u rp o se  i n  c o l l im a t in g  
th e  p a r t i c l e s  and i n  e l im in a t in g  t h e  low  e n e r g y  e l e c t r o n s  
and 1 - r a y s  e m it te d  by th e  s o u r c e .  The c lo u d -ch a m b er  w as  
f u r t h e r  s c r e e n e d  from  s t r a y  e l e c t r o n s  b y  s u i t a b l y  p la c e d  le a d  
b lo c k s .  The p a r t i c l e  s h u t t e r ,  o p e r a te d  b y  a s o le n o id  and 
p lu n g e r , c o n s i s t e d  o f  a b r a s s  s t r i p  a c r o s s  t h e  e x i t  c o r n e r  
o f  t h e  r e s o lv in g  f i e l d .
E x p e r im e n ta l .Arrangem ent.
The g e n e r a l  e x p e r im e n ta l arran gem en t i s  shown i n  a p la n  
v ie w  (F ig u r e  26 I and i n  a p h o to g ra p h  (F ig u r e  3 7 ) .  The 
c lo u d -ch a m b er , t o g e t h e r  w i t h  t h e  m agnet c o i l s ,  c a m er a s , and 
lam p s, w as su p p o rted  on  t h e  t o p  s e c t i o n  o f  a t r o l l e y  b u i l t
EXPERIMENTAL
A R RAN GEMEN T.
/ N
1 Visual o b s e r v a t i o n  lamp. S P a r t i c l e  p a t h s .
2 F l a s h  d i s c h a r g e  l amps . 6 P a r t i c l e  s h u t t e r .
3 Hel mhol t z  c o i l s . 7 Sou r c  e.
4 Lead  b l o c k s . 8 R e s o l v i n g  m a g n e t .
FIGURE 2 6 : -  S c h e m a t i c  p l a n  d i a g r a m  o f  g e n e r a l  e x p e r i m e n t a l
























J iGUKd 2 8 : ~ A m ore  d e t a i l e d  v i e w  o f  t h e  m a i n  t r o l l e y  
s h o w i n g  t h e  c l o u d  c h a m b e r ,  f i e l d  c o i l s  
a n d  s t e r e o s c o p i  c c a m e r a s .
o f  w eld ed  s t e e l  tu b in g *  The m id d le  s e c t i o n  h oused  th e  
c o n t r o 1 - c i r c u i t  g e a r .  T h is  was c o n s tr u c te d  a s  a c o m p le te  
u n it  w h ich  c o u ld  be removed a f t e r  d is c o n n e c t in g  s e v e r a l  
p lu g s  a t  th e  r e a r .  The c o n t r o l  p a n e l w ith  i t s  numerous 
b u tto n s  and s w i t c h e s ,  and c o u n te r s  f o r  r e g i s t e r i n g  th e  
numbers o f  e x p a n s io n s ,  lamp f l a s h e s ,  p h o to g ra p h s ta k e n , e t c .  
form ed p a r t  o f  th e  u n i t .  The bottom  s e c t i o n  w as o cc u p ie d  
b y  a la r g e  s t e e l  c y l i n d r i c a l  vacuum r e s e r v o ir ,  and a r h e o ­
s t a t  f o r  c o n t r o l l in g  th e  m agnet c u r r e n t .  A m ore d e t a i l e d  
v ie w  o f  t h i s  p a r t  o f  th e  equipm ent i s  shown in  F ig u r e  2 8 .
The arrangem ent o f  th e  cam eras on th e  stan d  w h ich  f i t t e d  on  
to  th e  upper r in g  o f  th e  c lo u d -ch a m b er  i s  a l s o  shown more 
c l e a r l y  in  t h i s  p h o to g ra p h .
F ig u r e  27 show s on th e  l e f t  a secon d  t r o l l e y  w h ich  
housed  two la r g e  banks o f  c o n d e n se r s  each  t o t a l l i n g  o v e r  
lOQ^F and th e  r e c t i f y i n g  u n it  w h ich  charged  th em , a c c o r d in g  
to  t h e  s e t t i n g  o f  a V a r ia c  c o n t r o l  t o  a p o t e n t i a l  o f  up t o  
3000 v o l t s .  The c o n d e n se r s  w ere c o n n ec te d  by low  r e s i s ­
t a n c e ,  h e a v i ly  in s u la t e d  le a d s  t o  th e  e l e c t r o d e s  o f  th e  d i s ­
ch a rg e  la m p s. On th e  lo w er  p a r t  o f  t h i s  t r o l l e y  was s i t ­
u a ted  th e  r o ta r y  vacuum pump w h ich  d u r in g  cham ber o p e r a t io n  
k ep t th e  r e s e r v o ir  c o n t in u o u s ly  e v a c u a te d . A t h ir d  t r o l l e y  
on t h e  r ig h t  in  F ig u r e  2 7 , w as used  t o  su p p o rt th e  r e s o lv in g  
m a g n e t. (The rem a in in g  equipm ent on t h i s  t r o l l e y  w as n o t
r e q u ir e d  in  th e  i n v e s t i g a t i o n  d e s c r ib e d ) .  The e l e c t r o n  
s o u r c e ,  a s t r i p  o f  indium  m e ta l a c t iv a t e d  by n e u tro n  bom­
bardm ent in  th e  H a r w e ll p i l e ,  was m ounted on a b r a s s  
su p p ort and p la c e d  a t  one c o r n e r  o f  th e  r e s o lv in g  m agnet 
p o le  p ie c e  (F ig u r e  2 5 ) .  The p o s i t i o n  o f  th e  m agnet and 
le a d  b lo c k s ,  and th e  m agnet c u r r e n t ,  w ere a d ju s te d  u n t i l  
a s u i t a b l e  number o f  h ig h  en erg y  e le c t r o n  t r a c k s  (ab ou t 5 
t o  1 0 ) w ere s e e n  i n  th e  cham ber d u r in g  each  e x p a n s io n .
The p o s i t r o n  s o u r c e  (v id e  i n f r a ) was to o  weak t o  be 
used  w it h  th e  r e s o lv in g  m agnet M t  l i t t l e  t r o u b le  w as e x ­
p e r ie n c e d  from low  en erg y  p a r t i c l e s  a s  t h e s e  w ere  m o s t ly  
p r e v e n te d  from  e n t e r in g  th e  cham ber by th e  f r in g in g  f i e l d  
o f  t h e  c o i l s .
P r o j e c t io n  A p p a ra tu s .
F o r  th e  p u rp ose  o f  t r a c k  a n a l y s i s  (d e s c r ib e d  in  Chap­
t e r  V) th e  d e v e lo p e d  f i lm s  w ere r e tu r n ed  to  th e  cam eras, 
w h ich  t o g e th e r  w ith  th e  upper s e c t i o n  o f  th e  s u p p o r t in g  
s t r u c t u r e ,  w ere removed from  th e  c lou d -ch am b er and screw ed  
to  an ir o n  fram ework ab ove a t a b l e .  In  each  camera a 
co n d en sin g  le n s  sy stem  w as in s e r t e d  th ro u g h  th e  h o le  in  
th e  l i d  and a h o u sin g  c o n ta in in g  a 500 w a tt  f a n -c o o le d  lamp 
f i t t e d  t o  th e  b a c k . A f u l l - s i z e  im age o f  th e  t r a c k s  w as 
p r o je c te d  on a s u i t a b le  s c r e e n .  The i n t e n s i t y  o f  i l lu m in ­
a t io n  w as c o n t r o l le d  by means o f  V a r ia c s .  The f i l m  co u ld
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FIGURE 2 9 : -  R e p r o j e c t i o n  e q u i p m e n t  f o r  a n a l y s i s  o f  t r a c k s .
'  .
be moved e i t h e r  by  hand or e l s e  a u t o m a t ic a l ly ,  a s  in  
ta k in g  th e  p h o to g r a p h s , by c o n n e c t in g  a 24 v o l t s  s u p p ly  
v ia  p r e s s - b u t t o n  s w itc h e s  t o  th e  camera m o to r s . The p ro­
j e c t i o n  equipm ent i s  i l l u s t r a t e d  in  F ig u r e  2 9 . The p ro ­
j e c t i o n  s c r e e n  shown in  th e  p h o to g ra p h , based  on t h a t  d e s ­
c r ib e d  by Dee and G ilb e r t  ( D l ) ,  w as d e s ig n e d  f o r  m easu re­
m en ts in  th r e e  d im e n s io n s . In  th e  method o f  t r a c k - a n a ly s i s  
a d o p te d , m easurem ents w ere  made o n ly  in  a h o r iz o n t a l  p la n e  
so  t h a t  a m ovable s c r e e n  was n o t r e q u ir e d .
E le c tr o n  and P o s i t r o n  S o u r c e s .
The d evelop m en t o f  t e c h n iq u e s  f o r  p rod u cin g  a r t i f i c ­
i a l l y  r a d io a c t iv e  e l e m e n t s ,e s p e c i a l l y  by bombardment w ith  
n e u tr o n s  in  atom ic p i l e s ,  h a s  g r e a t l y  in c r e a s e d  th e  c h o ic e  
o f  s u i t a b l e  e l e c t r o n  s o u r c e s ,  and h a s  made a v a i la b le  s o u r c e s  
f o r  th e  s tu d y  o f  p o s i t r o n  s c a t t e r i n g .  The i s o t o p e  Indium  
114 was ch o se n  a s  t h e  so u r c e  o f  e l e c t r o n s  f o r  th e  f o l lo w in g  
r e a s o n s .
(1 )  I t  can  e a s i l y  be p rep ared  by n eu tr o n  bombardment
o f  th e  s t a b l e  i s o t o p e  I n . 1 1 3 .
(2 )  The so u r ce  i s  in  a c o n v e n ie n t  form  f o r  h a n d lin g
(m e ta l s t r i p ) .
(3 )  The e l e c t r o n  en erg y  i s  o f  s u i t a b l e  v a lu e  (en d
p o in t  1 .9 8  M ev).
(4 )  The h a l f - l i f e  i s  a d e q u a te . Indium  114 d e c a y s  b y
an  is o m e r ic  t r a n s i t i o n  w it h  an e f f e c t i v e  h a l f -
l i f e  o f  48  d a y s .
The s e l e c t i o n  o f  a s u i t a b le  p o s i t r o n  so u r c e  p r e s e n te d  
much more d i f f i c u l t y .  Numerous p o s it r o n -e m it  t in g  i s o t o p e s  
can  be produced b y  s lo w -n e u tr o n  bombardment but o f  th o s e  
l i s t e d  a s  a v a i l a b l e  from  th e  H a r w e ll p i l e  none com bined a 
s u i t a b le  p o s i t r o n  e n e r g y  w ith  s u f f i c i e n t l y  lo n g  h a l f - l i f e  
(a l lo w in g  f o r  t im e  o f  t r a n s p o r t ) .  I t  w as d e c id e d  t h e r e ­
fo r e  t o  u se  a s  a p o s i t r o n  so u r c e  co p p er  62 w h ich  may be 
o b ta in e d  from  th e  s t a b le  i s o t o p e  cop p er  63 by a f -n  r e a c t i o n ,  
th e  t h r e s h o ld  en erg y  b e in g  about 10 M ev. The maximum 
e n e rg y  o f  t h e  p o s i t r o n  i s  2 .6  Mev, b u t th e  h a l f - l i f e  i s  
o n ly  1 0 .5  m in u te s .  The so u r c e  was p rep ared  by i r r a d ia t in g  
f i v e  i n s i d e ,  one s ix t e e n t h  in ch  t h ic k  co p p er  sq u a r e s  in  
th e  beam o f  th e  G lasgow  U n iv e r s i t y  s y n c h r o tr o n . A f t e r  
i r r a d i a t i o n ,  th e  sq u a r e s  w ere  a tta c h e d  t o  an alum inium  
su p p o rt and p la c e d  one in  f r o n t  o f  ea ch  o f  th e  chamber 
p o r t h o le s .  As th e  a c t i v i t y  w eakened th e  sq u a re s  w ere  
b rou gh t n e a r e r  th e  cham ber, and in  t h i s  way a u s e f u l  w ork­
in g  l i f e  o f  3 0 -4 0  m in u te s  w as o b ta in ed  p er  r a d ia t io n .
CHAPTER V.
ANALYSIS OF TRACKS AND ERRORS OF MEASUK3MT.
In  th e  p r e v io u s  c h a p te r s  t h e  im p ortan ce o f  m a in ta in in g  
a h ig h  sta n d a rd  o f  c lo u d -ch a m b er p erform an ce and p h o to ­
g r a p h ic  te c h n iq u e  h as b een  s t r e s s e d .  Of e q u a l im p o rta n ce  
i s  th e  n e c e s s i t y  f o r  a d o p tin g  a method o f  a n a l y s i s  o f  th e  
t r a c k s  w h ich  w i l l  e n a b le  an a c c u r a te  com p arison  t o  be made 
w ith  th e  t h e o r e t i c a l  p r e d ic t io n s .  The a n a ly s i s  i s  u n a v o id ­
a b ly  la b o r io u s  and u n le s s  th e  method i s  c a r e f u l l y  c h o s e n ,  
th e  amount o f  work r e q u ir e d  t o  o b ta in  r e s u l t s  o f  s t a t i s t i c a l  
s i g n i f i c a n c e  may e a s i l y  become p r o h i b i t i v e .
The m ethods o f  a n a l y s i s  used by th e  e a r l i e r  w o rk ers  on 
e le c t r o n  s c a t t e r in g  w ere seldom  d e s c r ib e d  in  d e t a i l .  Champion 
i n i t i a l l y  made m easurem ents d i r e c t l y  on n e g a t iv e s  o b ta in e d  
from two cam eras w ith  t h e i r  image p la n e s  a t  r ig h t  a n g le s  
( B la c k e t t  m eth od , F ig u r e  1 6 ( a ) ) ,  but l a t e r  a p p a r e n t ly  (C7) 
changed t o  a method o f  t h r e e -d im e n s io n a l  p r o j e c t io n  o f  th e  
Im ages. The a u th o r  in v e s t ig a t e d  a method o f  t h i s  t y p e .
The d ev e lo p ed  f i lm s  a re  r e tu r n e d  t o  t h e i r  r e s p e c t iv e  cam eras  
and f u l l  s iz e d  im ages o f  th e  t r a c k s ,  formed by i l lu m in a t in g  
th e  f i lm s  from b e h in d , a r e  throw n on a s c r e e n  ( s i m i l a r  t o  
t h a t  in  F ig u r e  29 ) w h ich  can be moved in  a l l  d i r e c t i o n s  about 
a p o in t  n ea r  i t s  c e n t r e .  The s c r e e n  i s  p la ce d  a t  th e
c o r r e c t  d i s t a n c e  from th e  cam eras, and by s u i t a b l y  t i l t i n g
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±t th e  two im ages o f  a p a r t ic u la r  t r a c k  can  be made t o  
c o in c id e  f o r  a d i s t a n c e  o v er  w h ich  th e  t r a c k s  a r e  a p p r o x i­
m a te ly  p la n a r .  I f ,  a s  d u rin g  a c o l l i s i o n ,  th e  d i r e c t i o n  
o f  a t r a c k  su d d en ly  c h a n g e s , th e  o r ie n t a t io n  in  sp a c e  o f  
th e  d e f l e c t e d  t r a c k  ca n  be s i m i l a r l y  d eterm in ed  and a 
m easurem ent o f  th e  a n g le  o f  d e f l e c t i o n  m ade. The e n e rg y  
o f  th e  p a r t i c l e  b e fo r e  and a f t e r  c o l l i s i o n  can  be d e t e r ­
mined by m easu rin g  th e  c u r v a tu r e  o f  th e  tr a c k  and th e  a n g le  
betw een  i t s  p la n e  and th e  d i r e c t i o n  o f  th e  m a g n e tic  f i e l d .
The method i s  v e r y  s u i t a b le  f o r  a n a ly s in g  t r a c k s  o f  
h ea v y  p a r t i c l e s  such  a s  p ro to n s  or  o c - p a r t i c l e s ,  o r  f o r  
o b ta in in g  maximum in fo r m a t io n  ab ou t r a r e  c o s m ic -r a y  e v e n t s ,  
b ut f o r  e x t e n s iv e  m easurem ents on e le c t r o n  t r a c k s  i t  i s  
b o th  d i f f i c u l t  and e x tr e m e ly  la b o r io u s .  F or a c c u r a te  work  
a h ig h  d e g re e  o f  p r e c i s io n  in  th e  lo c a t io n  o f  th e  f i lm s  in  
th e  cam eras i s  e s s e n t i a l  and th e  t r a c k  p h o to g ra p h s m ust be  
o f  a v e r y  h ig h  s ta n d a r d . Even w ith  good q u a l i t y  t r a c k s ,  
th e  method i s  s u b j e c t  t o  d i f f i c u l t i e s  a s ,  f o r  ex a m p le , when 
an e le c t r o n  i s  d e f l e c t e d  sh a r p ly  ou t o f  t h e  i l lu m in a te d  
p a r t o f  th e  cham ber le a v in g  a b ran ch  t r a c k  to o  s h o r t  f o r  
mea su r em en t.
I t  f o l lo w s  t h a t ,  f o r  a c c u r a te  m easurem ent o f  s c a t t e r ­
in g  a n g le s  and c u r v a tu r e  o f  d e f l e c t e d  p a r t i c l e s ,  a minimum 
- le n g th  m ust be p la c e d  on a c c e p ta b le  s c a t t e r e d  t r a c k s .  F o r
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t r a c k s  w h ich  p a ss  n ea r  th e  w a l l s  o f  th e  cham ber i t  i s  
s a t i s f a c t o r y  to  om it s c a t t e r in g  e v e n t s  o c c u r r in g  w i t h in ,  
s a y ,  2 cm, o f  th e  w a l l s  ( t r a c k - le n g t h  in  t h i s  r e g io n  not  
b e in g  r ec o r d ed )*  I t  i s  not p o s s i b l e ,  h ow ever, t o  a p p ly  
t h i s  method a t  t h e  two s u r fa c e s  d e f in in g  th e  up p er and 
lo w er  l i m i t s  o f  th e  i l lu m in a te d  r e g io n ,  a s  t h i s  w ould in ­
v o lv e  t h e  l o s s  o f  to o  many s c a t t e r in g  ev en ts*  I t  i s  
t h e r e f o r e  n e c e s s a r y ,  in  com paring e x p e r im e n ta l and t h e o r e t ­
i c a l  r e s u l t s ,  to  a l lo w  f o r  th e  f a c t  t h a t  some s c a t t e r in g  
e v e n t s  can n ot be r e c o r d e d . The ad ju stm en t o f  th e  s c a t t e r ­
in g  form u la  can  be a c c u r a t e ly  made i f  th e  g e o m e tr ic a l  co n ­
d i t i o n s  a re  s p e c i f i e d .  The s c a t t e r in g  p r o b a b i l i t y  P (0 )  
i s  reduced  by a f a c t o r  R (0 )  w h ich  i s  in d ep en d en t o f  F ( 0 ) ,  
th e  f u n c t io n  g iv in g  th e  a n g u la r  d i s t r i b u t i o n .  B ossh ard  
and S c h e m e r  (B6) o b ta in e d  R (0) b y  a g e o m e tr ic a l m ethod , 
u nder t h e  c o n d it io n  th a t  th e  a c t u a l  le n g th  o f  th e  s c a t t e r e d  
t r a c k  sh o u ld  be g r e a t e r  th a n  a p r e s c r ib e d  v a lu e .  B ark er  
(BIO) d e r iv e d  v a lu e s  o f  R (0) f o r  th e  c a s e  w here o n ly  t r a c k s  
o f  p r o je c te d  le n g th  g r e a t e r  th a n  a c e r t a in  c r i t i c a l  le n g th  
a r e  m easured-. The f u n c t io n  R (0) w i l l  be d is c u s s e d  f u r th e r  
in  d e a l in g  w ith  t h e  e f f e c t  o f  p r o j e c t io n  on th e  m easured  
number o f  s c a t t e r in g  e v e n t s .
A n .a l t e r n a t iv e  t o  th e  th r e e -d im e n s io n a l  r e p r o j e c t io n  
m ethod d e s c r ib e d  ab ove i s  t o  m easu re th e  p r o je c te d  le n g t h s ,
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c u r v a tu r e s  and s c a t t e r in g  a n g le s  in  a s i n g l e  h o r iz o n t a l  
p la n e  and t o  com pare th e  e x p e r im e n ta l v a lu e s  w ith  a s u i t ­
a b ly  m o d if ie d  form o f  th e  s c a t t e r in g  la w . T h is  m ethod  
w as f i r s t  d e s c r ib e d  in  d e t a i l  b y  H andels .e t a l .  (R l)  who, 
h ow ever, d id  n o t  a p p ly  a minimum t r a c k - le n g th  c o n d i t io n .
The th e o r y  o f  th e  method was f u r th e r  d e v e lo p e d  by O’C e a l-  
l a i g h  and M acC arthaigh  (0 1 )  and by B arker (B IO ). The p ro ­
j e c t e d  form o f  th e  g e n e r a l s c a t t e r in g  law  i s  d e r iv e d  in  
t h e  form  o f  a d o u b le  i n t e g r a l .  T h is  in v o lv e s  a p ara m eter  
p * w here 2a i s  th e  d ep th  o f  th e  i l lu m in a te d  la y e r  o f  
th e  chamber and A c  i s  th e  c r i t i c a l  l e n g t h .  D e f le c t e d  
t r a c k s  s h o r te r  th a n  Ac a r e  r e j e c t e d  s in c e  such  tr a c k s  
w ould n ot a l lo w  a c c u r a te  m easurem ent o f  s c a t t e r in g  a n g le s  
and c u r v a tu r e s .
B ark er (BIO) and OfC e a l la ig h  (0 2 ) h ave  drawn up t a b l e s  
f o r  v a r io u s  v a lu e s  o f  p from  w h ich  may be c a lc u la t e d  th e  
number o f  s c a t t e r in g  e v e n ts  p r e d ic te d  by th e o r y  in  s u c c e s ­
s i v e  i n t e r v a l s  o f  s c a t t e r in g  a n g le .
A d v a n ta g es  o f  P r o j e c t io n  M ethod.
The c h i e f  a d v a n ta g e  o f  th e  m ethod o f  p r o je c te d  a n g le s  
l i e s  in  th e  f a c t  t h a t  a l l  m easurem ents a r e  made in  a s i n g l e  
p la n e ,  and can  t h e r e f o r e  be c a r r ie d  out e x p e d i t i o u s l y  and 
a c c u r a t e ly .  The r e d u c t io n  in  th e  number o f  s c a t t e r in g  
e v e n t s  o b serv ed  in  th e  p r o je c te d  sy stem  i s  n ot s e r io u s ,
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and i s  more th a n  o f f s e t  by th e  g r e a t l y  in c r e a s e d  speed  
a t  w h ich  d ata  i s  c o l l e c t e d *  M oreover, a s  h a s  b ee n  p o in te d  
o u t b y  0 * C e a lla ig h  and M acC arthaigh  (0 1 ) and by B ark er (B IO ), 
i f  a minimum t r a c k  le n g th  c o n d it io n  i s  a p p l ie d ,  p r o j e c t io n  
s c a r c e ly  a l t e r s  th e  number o f  s c a t t e r in g  e v e n ts  a t  la r g e  
a n g le s  (* ^ 9 0 ° ) ,  b u t c o n s id e r a b ly  red u ces  th e  number ob­
se rv e d  a t  s m a lle r  a n g le s#  T h is  i s  ap p aren t from  th e  v a lu e s  
shown in  T ab le  12 f o r  R (6 ) ,  th e  f u n c t io n  o b ta in e d  b y  a p p ly ­
in g  a m in imum tr a c k  le n g th  c o n d i t io n  to  s c a t t e r i n g  in  th r e e  
d im e n s io n s .
TABLE 12.
lgo 80° 30° 40° 50° 60° 70° 80° 11 •
R(e)
'o* i 0.889 0.773 0.651 0.515 0.388 0.330 0.899 0.884 0.879
0.778 0.546 0.331 0.844 0.808 0.179 0.161 0.156 0.158
The r e d u c t io n  in  th e  number o f  e v e n ts  ob serv ed  in c r e a s e s  
r a p id ly  w it h  in c r e a s in g  s c a t t e r i n g  a n g le .  S in c e  th e  i l lu m ­
in a te d  volum e o f  th e  cham ber c o n s i s t s  o f  a v e r y  sh a llo w  
c y l in d e r ,  e l e c t r o n s  d e f l e c t e d  th ro u g h  a la r g e  a n g le  w i l l  
o f t e n  p a ss  ou t o f  th e  i l lu m in a te d  volum e w ith o u t  le a v in g  
s u f f i c i e n t  le n g th  o f  t r a c k  fo r  a c c u r a te  m easurem ent, b ut  
t h i s  w i l l  happen much l e s s  f r e q u e n t ly  i f  th e  s c a t t e r i n g  
a n g le  i s  s m a l l .  Thus t h e  ob served  number o f  la r g e - a n g le  
s c a t t e r in g  e v e n t s  i s  u n a v o id a b ly  r e d u c e d . P r o j e c t io n  o f  
th e  t r a c k s  s c a r c e ly  a l t e r s  th e  number o f  such la r g e  a n g le
e v e n t s ,  but a p p r e c ia b ly  r e d u c e s  the, number o b serv ed  a t  
sm a ll s c a t t e r in g  a n g le s  b y  t r a n s f e r r in g  a c o n s id e r a b le  
p r o p o r t io n  from  th e  o b se r v a b le  c l a s s  (2 0 °  o r  g r e a t e r )  t o  
th e  u n o b ser v a b le  c l a s s  ( l e s s  th a n  2 0 0 ) .  As  i n t e r e s t  
u s u a l ly  c e n t r e s  on la r g e - a n g le  s c a t t e r in g  s t a t i s t i c s ,  t h i s  
i s  a d i s t i n c t  a d v a n ta g e  a s  i t  e f f e c t i v e l y  red u c e s  th e  
number o f  sm a 1 1 -a n g le  s c a t t e r i n g  e v e n t s .
I t  i s  s t r o n g ly  em p h a sised , h ow ever, t h a t  th e  second  
o b liq u e  p h otograp h  i s  in d is p e n s a b le  f o r  a c c u r a te  w ork , a s  
i t  s e r v e s  an im p ortan t f u n c t io n  in  c l a r i f y i n g  c a s e s  w here  
th e  a s s o c i a t io n  o f  c r o s s in g  t r a c k s  i s  in  d o u b t, o r  w h e r e ,  
f o r  any o th e r  r e a s o n , th e  t r a j e c t o r y  o f  a p a r t i c l e  i s  h o t  
c l e a r l y  d e f in e d .
D uring th e  p r e s e n t  i n v e s t i g a t i o n  th e  o b liq u e  p h o to ­
grap h  was exam ined in  e v e r y  c a s e  to  e n su r e  t h a t  th e  maximum 
p o s s ib l e  in fo r m a t io n  ab ou t th e  t r a c k s  was o b ta in e d .  
M easurem ent o f  T r a c k s .
The p ro ced u re  a d op ted  in  a n a ly s in g  t h e  t r a c k s  w as a s f 
f o l l o w s .
The d ev e lo p ed  f i lm s  w ere r e tu r n e d  to  th e  a p p r o p r ia te  
cam eras and th e  lamp h o u s in g s  and co n d en sin g  l e n s  s y s te m s ,  
d e s c r ib e d  in  th e  p r e v io u s  c h a p te r ,  w ere  f i t t e d  t o  th e  
b a c k s . The ca m era s, t o g e th e r  w ith  th e  s u p p o r t in g  fram e­
w ork , w ere removed from  th e  c lo u d -ch a m b er and p la c e d  above
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a t a b l e .  A n a t u r a l  s i z e  im age o f  th e  t r a c k s  w as p ro ­
j e c t e d  on to  a sq u a re  s h e e t  o f  p a p er  on w h ich  was drawn a 
c i r c l e  o f  d ia m eter  23 cm ., th e  l a t t e r  b e in g  a d ju s te d  t o  
b e c o n c e n t r ic  w ith  th e  image o f  th e  chamber c y l i n d e r .  T racks  
w h ich  emerged from  th e  windows and w ere o f  good q u a l i t y  
w ere  tr a c e d  on t h e  paper w ith  a sharp  p e n c i l .  The o b liq u e  
im age was a l s o  exam ined but t h e  t r a c k s  w ere n ot t r a c e d ,  i t s  
f u n c t io n  b e in g ,  a s  p r e v io u s ly  m en tio n ed , m a in ly  to  c l e a r  
up d o u b tfu l  c a s e s  w here t r a c k s  c r o s s e d .
Each tr a c k  w as numbered and th e  f o l lo w in g  in fo r m a t io n  
e n te r e d  in  a t a b le  a t  th e  upper r ig h t-h a n d  c o r n e r  o f  th e  
s h e e t .
(1 )  The le n g th  /  w i t h in  th e  l i m i t s  o f  th e  c i r c l e ,  d e t e r ­
m ined b y  means o f  a map m ea su r er .
(2 )  The r a d iu s  o f  c u r v a tu r e , o b ta in e d  by f in d in g  th e  b e s t  
f i t  o f  a s e r i e s  o f  c u r v e s  c o n s i s t in g  o f  a r c s  o f  c o n c e n t r ic  
c i r c l e s  engraved on a c e l l u l o i d  s h e e t .
(3 )  N u c le a r  d e f l e c t i o n s  w ere n oted  and th e  a n g le  o f  
s c a t t e r in g  m easured w here t h i s  ex ceed ed  a c e r t a in  minimum 
v a lu e .  The lo w e s t  v a lu e  r e q u ir e d  w as 1 5 °  but a s  a p r e ­
c a u t io n  a g a in s t  o m it t in g  b o r d e r l in e  c a s e s ,  d e f l e c t i o n s  down 
t o  1 0 °  -  1 2 °  w ere r o u t in e l y  c h e c k e d . In  lo o k in g  f o r  
n u c le a r  d e f l e c t i o n s  i t  was found a d v a n ta g eo u s  t o  v ie w  ea ch  
t r a c k  a lo n g  i t s  le n g th  from an a lm o st g r a z in g  a n g le .  D ev­
i a t i o n s  from  u n iform  c u r v a tu r e  w ere th en  e a s i l y  o b se r v e d .
The method o f  m easu rin g  th e  s c a t t e r in g  a n g le  i s  
i l l u s t r a t e d  in  F ig u r e  3 0 . When th e  c i r c u la r  a rc  w h ich  
b e s t  f i t s  th e  cu rv e  o f  th e  t r a c k  i s  fo u n d ,th e  r a d iu s  a t  th e  
p o in t  o f  d e f l e c t i o n  i s  drawn b o th  fo r  th e  in c id e n t  and 
em ergent t r a c k .  The a n g le  b etw een  the r a d i i  w h ich  i s
v
a l s o  th e  (p r o je c t e d )  s c a t t e r in g  a n g le ,  <p , i s  m easured w ith  








D e f l e c t i o n s  o c c u r r in g  o u t s id e  th e  23 cm. c i r c l e  w ere  
ig n o r e d , th ou gh  p a r t s  o f  tr a c k s  o u t s id e  th e  c i r c l e  w ere  
o f t e n  used  in  m easu rin g  a n g le s  and c u r v a tu r e s  r e l a t i n g  to  
e v e n t s  o c c u r r in g  i n s i d e .  The draw ing o f  th e  c i r c l e  s e r v e s  
th e  same p u rp ose  a s  th e  f ix i n g  o f  a minimum tr a c k  le n g t h ,  
v i z . ,  i t  e n s u r e s  t h a t  no s c a t t e r in g  ev e n ts  a r e  reco rd ed  
o f  w h ich  i t  i s  im p o s s ib le  by r e a so n  o f  th e  s h o r tn e s s  o f  
th e  s c a t t e r e d  tr a c k  to  m easure a c c u r a t e ly  th e  c u r v a tu r e  
and a n g le  o f  s c a t t e r i n g .
In  a d d it io n  t o  th e  above in fo r m a t io n , rem arks w ere
{
e n te r e d  in  a fo u r th  colum n on any u n u su a l f e a t u r e s  such  
a s  ap p a ren t la r g e  e n e r g y  l o s s  d u r in g  c o l l i s i o n .
E r r o r s  o f  M easurem ent.
One o f  th e  c h i e f  s o u r c e s  o f  e r r o r  l i e s  in  th e  u n a v o id ­
a b le  p r e se n c e  o f  s m a l l -a n g le  s c a t t e r i n g .  I n s p e c t io n  o f  
a gra p h  o f  s c a t t e r in g  c r o s s - s e c t i o n  a g a in s t  s c a t t e r in g  
a n g le  (F ig u r e  3 1 ) shows how r a p id ly  th e  number o f  s c a t t e r ­
in g  e v e n t s  in c r e a s e s  a s  th e  s c a t t e r in g  a n g le  d e c r e a s e s .
The id e a l  form o f  t r a c k  c o n s i s t s  o f  two a r c s  o f  
c i r c l e s  o f  e q u a l c u r v a tu r e  w it h  a cusp  a t  th e  p o in t  o f  
d e f l e c t i o n  (a s  shown in  F ig u r e  2 6 ) .  A ls o  s a t i s f a c t o r y ,  
b u t r a th e r  more d i f f i c u l t  to  o b s e r v e , i s  th e  ty p e  o f  d e ­
f l e c t i o n  shown in  F ig u r e  3 0 , w here th e  p a r t i c l e  i s  d e ­
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Scattering Angle.
FIGURE 31
a p p r o x im a tio n s  to  t h e s e  form s a r e ,  in  p r a c t i c e ,  f r e q u e n t ly  
o b s e r v e d . H ow ever, owing t o  numerous s m a ll a n g le  d e f l e c ­
t i o n s ,  many t r a c k s  d e v ia t e  to  a g r e a t e r  or l e s s  e x te n t  
from tr u e  a r c s  o f  c i r c l e s .
S in c e  th e  sm a ll d e f l e c t i o n s  form  a G a u ss ia n  d i s t r i ­
b u t io n ,  th e  a v e r a g e  c u r v a tu r e  o v er  th e  w hole le n g th  o f  




th e  b e s t  v a l u e ,  b u t  w here a s m a l l  d e f l e c t i o n  l a r g e  enough  
t o  be ob serv ed  ( i . e .  o f  5 °  or  more) i s  p r e s e n t ,  t h e  c u r v ­
a t u r e  i s  b e s t  d e term in ed  from th e  a p p r o x im a te ly  c i r c u l a r  
a r c s  on e i t h e r  s i d e  o f  t h e  p o in t  o f  d e f l e c t i o n .
The t h e o r y  o f  t h e  m u l t i p l e  s c a t t e r i n g  o f  f a s t  charged  
p a r t i c l e s  h a s  b een  d i s c u s s e d  by W il l ia m s  (W 4 ,9 ) ,  by  Goud- 
sm it  and S au n d erson  (G4) and b y  B eth e  (B 1 4 ) .  The th e o r y  
was d e v e lo p ed  w i t h  s p e c i a l  r e f e r e n c e  t o  t h e  e f f e c t  o f  
s m a l l - a n g l e  s c a t t e r i n g  on m easurem ents on t h e  v e r y  h ig h  
e n e r g y  p a r t i c l e s  en co u n tered  i n  c o s m ic - r a y  w ork , but th e  
r e s u l t s  have some b e a r in g  a l s o  on t h e  p r e s e n t  ty p e  o f  i n ­
v e s t i g a t i o n .
W il l ia m s  c o n s id e r e d  th e  s c a t t e r i n g  e x p e r ie n c e d  b y  a 
f a s t  p a r t i c l e  o f  c h a r g e  e ,  v e l o c i t y  pc and momentum 300 Hf» 
ey/c  , i n  t r a v e r s i n g  a l a y e r  o f  t h i c k n e s s  t  o f  a m a t e r i a l  , 
o f  d e n s i t y  d , c o n t a in in g  N a t o m s /c c .  o f  a tom ic  number Z 
and a tom ic  w e ig h t  A .  He d e r iv e d  f o r  th e  mean p r o j e c te d  
a n g le  o f  s c a t t e r i n g  , t h e  r e l a t i o n  
5  _ Z Z c j N t ) *  S
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A s u c c e s s i o n  o f  d e f l e c t i o n s  s m a l le r  th a n  t h o s e  w h ich  
can  be i n d i v i d u a l l y  d e t e c t e d  may th u s  r e s u l t  i n  a s p u r io u s
I l l
d e f l e c t i o n  or c u r v a tu r e  o f  t h e  t r a c k  w hich  l i m i t s  t h e  
a c c u r a c y  w i t h  w h ich  t h e  c u r v a tu r e  due to  t h e  m a g n etic  
f i e l d  can be m ea su red . I f  ^  i s  th e  un iform  r a d iu s  o f
c u r v a tu r e  w hich would g i v e  r i s e  t o  t h e  d e f l e c t i o n  ^  in
d i s t a n c e  t ,
p , 4 = f ,
I s * 2 2  e S  N *
and th u s  ~ 2  £  eoc
ps f H t *
I n s e r t i o n  o f  v a l u e s  a p p r o p r ia te  t o  th e  p r e s e n t  e x p e r im e n ts
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( t  * 20 c m . ,  z « 1 8 ,  N * 1 . 8 . 1 0  , H ■ 160 o e r s t e d )  g i v e s
I f  i s  t h e  m easured v a lu e  o f
f  -  (°s f  ( -  *  '  •
Thus a c c o r d in g  t o  W il l ia m s ’ s  t h e o r y ,  any i n d i v i d u a l  
m easurement o f  c u r v a tu r e  i s  s u b j e c t  t o  an u n c e r t a i n t y  o f  
± 25%. The t h e o r y ,  how ever , r e f e r s  t h e  c u r v a t u r e  o n ly  
t o  t h e  a n g l e s  b etw een  t a n g e n t s  a t  t h e  ends o f  a segm ent  
o f  t r a c k ,  w h erea s  in  th e  m easuring  p ro ced u re  a d o p ted  h ere  
t h e  w h o le  l e n g t h  o f  t h e  t r a c k  was made u se  o f  i n  d e t e r ­
m in in g  th e  c u r v a t u r e .  In  B e t h e ’ s  trea tm en t  w h ic h  g i v e s  
nrurvature u n c e r t a i n t i e s  r a t h e r  g r e a t e r  th a n  t h o s e  e s t i -
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mated by W il l ia m s ,  t h e  l a t e r a l  d is p la c e m e n t  o f  th e  c e n t r e  
o f  t h e  t r a c k  r e l a t i v e  t o  th e  chord i s  ta k e n  a s  a m easu re­
ment o f  t h e  cu rv a tu re*  H ere a g a in  th e  f a c t  t h a t  more 
in fo r m a t io n  i s  o b t a in a b le  from t h e  r e s t  o f  th e  t r a c k  i s  
n e g le c t e d *  T hese  c r i t e r i a  a r e ,  o f  c o u r s e ,  more ap p ro ­
p r i a t e  t o  c o s m ic - r a y  work where m easurem ents on i n d i v i d u a l  
t r a c k s  a r e  o f t e n  o f  c r i t i c a l  im p o r ta n c e ,  and t h e  a n a l l n e s s  
o f  t h e  c u r v a tu r e s  and s c a t t e r i n g  a n g l e s  n e c e s s i t a t e s  th e  
u s e  o f  d i f f e r e n t  m ea su r in g  t e c h n iq u e s *
The e x p e r ie n c e  o f  t h e  w r i t e r  i n  m easu rin g  c u r v a t u r e s  
by t h e  method d e s c r ib e d  e a r l i e r  in  t h i s  c h a p te r  s u g g e s t s  
t h a t  t h e  u n c e r t a i n t i e s  a r e  a p p r e c ia b ly  s m a l le r  th a n  t h o s e  
p r e d ic t e d  by t h e  above t h e o r i e s .  In  g e n e r a l ,  when th e  
c u r v a tu r e  remained c o n s t a n t  o v er  a t  l e a s t  10 cm. o f  t r a c k ,  
th e  v a lu e  measured o v e r  t h i s  l e n g t h  was ta k e n  t o  be t h e  
c o r r e c t  v a l u e .  When an o b v io u s  s m a l l - a n g le  d e f l e c t i o n  
to o k  p l a c e ,  t h e  c u r v a tu r e  was d eterm in ed  from t h e  segm ents  
on e i t h e r  s i d e  o f  t h e  p o in t  o f  d e f l e c t i o n .  The a c c u r a c y  
o f  c u r v a tu r e  m easurem ent v a r ie d  c o n s id e r a b l y  from one  
t r a c k  t o  a n o th e r  but many t r a c k s  w ere good a p p r o x im a t io n s  
t o  a r c s  o f  c i r c l e s  o v e r  m ost or  a l l  o f  t h e i r  le n g th *  In 
a f a i r  p r o p o r t io n  t h e  r a d iu s  o f  c u r v a tu r e  was d e te r m in a b le  
to  th e  n e a r e s t  c e n t i m e t r e .  Taking 25 cm. a s  an a v e r a g e  
v a lu e  o f  r a d iu s  o f  c u r v a t u r e ,  t h i s  g i v e s  an e r r o r  o f  o n ly
— 2 $ .  For p a r t i c l e s  o f  h ig h e r  e n e r g y  (and s m a l l e r  c u r v ­
a t u r e )  t h e  r a d iu s  was more f r e q u e n t l y  d eterm in ed  t o  t h e  
n e a r e s t  m u l t i p l e  o f  f i v e .  For a r a d iu s  o f  50 cm. t h i s  
c o r r e s p o n d s  t o  an e r r o r  o f  i  5 $ .
The number o f  c u r v a tu r e  m easurem ents made in  th e  
a n a l y s i s  o f  t h e  e l e c t r o n  and p o s i t r o n  t r a c k s  was i n  ea ch  
c a s e  w e l l  o v e r  1 0 0 0 .  Assuming t h a t  t h e  e r r o r s  o f  m easu re­
ment due t o  sm a11-an gle  s c a t t e r i n g  a r e  s y m m e tr ic a l ly  d i s ­
t r i b u t e d ,  t h e  r e s u l t i n g  in a c c u r a c y  in  th e  a v e r a g e  c u r v a ­
t u r e  and h ence t h e  mean e n e r g y  o f  th e  p a r t i c l e s  i s  o f  th e  
o r d e r  o f  5Ajoo6S^io9 i . e .  l e s s  th a n  0 . 2 $ .
S m a l l - a n g le  s c a t t e r i n g  a l s o  a f f e c t s  t h e  m easurement  
o f  l a r g e  s c a t t e r i n g  a n g l e s  by  re n d e r in g  l e s s  c e r t a i n  th e  
e x a c t  d i r e c t i o n  o f  th e  p a r t i c l e  im m e d ia te ly  b e f o r e  and 
a f t e r  th e  c o l l i s i o n .  C l e a r l y  t h e  d i s t a n c e  o f  a s m a l l  d e ­
f l e c t i o n  from t h e  p o in t  o f  c o l l i s i o n  i s  an im p ortan t f a c t o r  
i n  th e  i n f l u e n c e  i t  e x e r t s  on the measurement o f  th e  s c a t t e r ­
in g  a n g l e .  The e f f e c t  o f  such  d e f l e c t i o n s  i s  d i f f i c u l t  
t o  e s t i m a t e .  R a n d e ls  e t  aJL. (R l)  d e r iv e d  a c o r r e c t i o n  
based  on somewhat a r b i t r a r y  a ssu m p tio n s  i n  an  a ttem p t  t o  
a s s e s s  t h e  im p ortan ce  o f  th e  f a c t o r .  F o r t u n a t e ly  t h e  
e r r o r  due t o  t h i s  c a u se  f a l l s  o f f  v e r y  r a p i d l y  w ith  i n ­
c r e a s e  in  s c a t t e r i n g  a n g l e ,  and i s  s m a l l  or  n e g l i g i b l e  i n  
t h e  a n g u la r  ran ge c o v e r e d  b y  th e  p r e s e n t  i n v e s t i g a t i o n .
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Such e f f e c t s  may, how ever, a cco u n t a t  l e a s t  i n  p a r t  f o r  
t h e  d i s c r e p a n c y  o b served  b etw een  t h e  e x p e r im e n ta l  r e s u l t s  
and t h e o r e t i c a l  p r e d i c t i o n s  in  th e  a n g u la r  range 1 5 °  -  2 0 0 .  
A d i s c u s s i o n  o f  t h e s e  r e s u l t s  and o f  f u r t h e r  e x p e r im e n ta l  
e r r o r s  i s  in c lu d e d  in  t h e  n e x t  c h a p ter*
*115
.._GHAFTER V I . 
RESULTS AND CONCLUSIONS.
A t o t a l  o f  198  m e t r e s  o f  e l e c t r o n  t r a c k  and 165  m e t r e s  
o f  p o s i t r o n  t r a c k  was a n a l y s e d  by t h e  method d e s c r i b e d  i n  
t h e  p r e v i o u s  c h a p t e r .  The s c a t t e r i n g  g a s  i n  t h e  chamber  
was a r g o n  a t  a p r e s s u r e  o f  about 60 cm,-Eg.,  t o g e t h e r  w i t h  
s m a l l  q u a n t i t i e s  o f  a i r ,  and w a t e r  and a l c o h o l  v a p o u r .  F o r  
p u r p o s e s  o f  c o m p a r i s o n  w i t h  t h e o r y ,  t h e  numbers o f  s c a t t e r ­
in g  e v e n t s  o b s e r v e d  w e re  g ro u p ed  i n  a n g u l a r  i n t e r v a l s  o f  
100 i n t h e  r a n g e  2 0 ° - 9 0 ° .  S c a t t e r i n g  a n g l e s  o f  20°9 3 0 0 ,  
4 0 ° ,  e t c .  were  a s s i g n e d  h a l f  t o  t h e  l o w e r  and h a l f  t o  t h e  
u p p e r  i n t e r v a l .  M ea su rem en ts  made i n  t h e  i n t e r v a l  1 5 ° - 2 0 °  
a r e  n o t  i n c l u d e d  i n  th e  m ain  t a b l e  o f  r e s u l t s ;  . ' th ey  w i l l  
b e  d i s c u s s e d  s e p a r a t e l y .
C a l c u l a t i o n  o f  T h e o r e t i c a l  V a l u e s .
The e x p e r i m e n t a l  r e s u l t s  w e r e  compared w i t h  t h e o r e t i c a l  
v a l u e s  b a s e d  on ( 1 )  t h e  R u t h e r f o r d  fo r m u la  w i t h  r e l a t i v i s t i c  
m a s s ,  and ( 2 ) t h e  form ula  deduced  from M o t t ’ s t h e o r y  by  
M c K in le y  and F e s h b a c h .  •
The R u t h e r f o r d  d i f f e r e n t i a l  s c a t t e r i n g  c r o s s - s e c t i o n  
( m o d i f i e d  f o r  t h e  v a r i a t i o n  o f  mass  v^ith e n e r g y )  may be  
w r i t t e n
1 1 6
o r ,  s i n c e  H p  = ^7  C %I e ( / - p z ) *
<f(o) = ( - 5 -  c o s e c 4 %
* U«f  ) f
The number o f  d e f l e c t i o n s  i n  t h e  a n g u l a r  r a n g e  6  t o  ' 
Q+cLQ, s u f f e r e d  i n  a t r a c k  l e n g t h  o f  t  cm. i n  a medium 
c o n t a i n i n g  N s c a t t e r i n g  ■c e n t r e s  p e r  u n i t  v o lu m e ,  i s  -
n C d ) d $  = —  c o s e c 4 &/2 . 2 ' f T S i n Q d Q
w here  K = Ef/ ~Z. e 4 j i s  a c o n s t a n t  d e p e n d in g  on t h e
U Hf. /
p r e s s u r e  and a t o m ic  number o f  t h e  s c a t t e r i n g  s u b s t a n c e ,  and 
t h e  e n e r g y  o f  t h e  p a r t i c l e .
The c o r r e s p o n d i n g  c r o s s - s e c t i o n  dedu ced  by M c K i n le y  and 
K e sh b s c h  i s  -
t h e  s i g n  o f  t h e  t h i r d  term  b e i n g  p o s - i t i v e  f o r  e l e c t r o n s  and 
n e g a t i v e  f o r  p o s i t r o n s .  The number o f  d e f l e c t i o n s  i n  t h e  
ra n g e  £  t o  Q_+-dQ i s  g i v e n  b y
n ( e ) d d  - $ £ ^ C 0 Se<4 %, -  (3 2C0}e£ l %
iFhe number o f  d e f l e c t i o n s  o v e r  a n y  f i n i t e  a n g u l a r
r a n g e  d, t o  Qz c a n  be o b t a i n e d  by  i n t e g r a t i o n .  OfC e a l l a i g h  
( 0 2 ) h a s  c o m p i l e d  T a b l e s  from w h ic h  t h e  number o f  d e f l e c t i o n s  
i n  t h e  a n g u l a r  r a n g e s  2 0 ° - 3 0 o ? 3 0 ° - 4 0 ° ,  e t c . ,  c a n  be  c a l c u ­
l a t e d  on e v a l u a t i n g  t h e  c o n s t a n t s  K, t ,  e t c .  I f  t h e  p r o ­
j e c t e d  a n g l e s  on a p l a n e  p e r p e n d i c u l a r  t o  th e  camera a x i s  
a r e  c o n s i d e r e d ,  t h e  number i n  e a ch  o f  t h e  a b o v e  a n g u l a r  
r a n g e s  i s  r ed u c ed  b y  a b o u t  50%. I f ,  i n  a d d i t i o n ,  a l o w e r  
l i m i t  i s  s e t  t o  t h e  l e n g t h  o f  a c c e p t a b l e  s c a t t e r e d  t r a c k s ,  
t h e  number o f  d e f l e c t i o n s  c a l c u l a t e d  to  f a l l  w i t h i n  th e  
a n g u l a r  r a n g e s  i s  r e d u c e d  s t i l l  f u r t h e r .  The numbers d e ­
pend on t h e  v a l u e  o f  t h e  p a r a m e te r  ^ w^ e r e  i s
t h e  minimum a c c e p t a b l e  t r a c k  l e n g t h ,  and 2a  i s  t h e  d e p t h  ; 
o f . t h e  i l l u m i n a t e d  l a y e r  o f  t h e  cham ber .  0 TC e a l l a  igh* s  
T a b l e s  i n c l u d e  i n t e g r a t e d  v a l u e s  o v e r  a n g u l a r  i n t e r v a l s  o f  
10°  c o r r e s p o n d i n g  t o  f* * 0  (no minimum t r a c k  l e n g t h )  and 
f  = 1 . 0 ,  2 . 0 ,  2 . 5 ,  3 . 0 ,  4 . 0 ,  5 . 0  and 1 0 . 0 . T h e se  a r e  g i v e n
f o r  e a c h  o f  t h e  f u n c t i o n s  c o s e c ” w h ere  n * 1 ,  2 ,  3 and 4 .
By i n s e r t i n g  t h e  a p p r o p r i a t e  c o n s t a n t s  and summing o v e r  
s u c h  t e r m s ,  t h e  number o f  d e f l e c t i o n s  p r e d i c t e d  b y  any o f  
t h e  u s u a l  t h e o r i e s  can be c a l c u l a t e d .  I n  t h e  p r e s e n t  e x p e r -  , 
i m e n t s  t h e  d e p t h  o f  t h e  i l l u m i n a t e d  v o lu m e  o f  t h e  chamber  
w a s  2 . 5  cm. The minimum a c c e p t a b l e  t r a c k  l e n g t h  was  t a k e n  
t o  be 2 . 5  cm. a l s o ,  so  t h a t  t h e  v a l u e  o f  f> w as  1 .  R e l e v a n t  
p a r t s  o f  t h e  t a b l e s  c o m p i l e d  by  u ’ C e s l l a i g h  e r e  r e p r o d u c e d ,
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w i t h  a s h o r t  e x p l a n a t o r y  n o t e ,  i n  A p p en d ix  I I .
E v a l u a t i o n  o f  E x p e r i m e n t a l  C o n s t a n t s .
I n  c a l c u l a t i n g  t h e  a b s o l u t e  s c a t t e r i n g  i n t e n s i t y  t h e  
mean e n e r g y  o f  t h e  p a r t i c l e s  i s  an im p o r t a n t  q u a n t i t y ,  s i n c e  
t h e  s c a t t e r i n g  c r o s s - s e c t i o n  i s  a p p r o x i m a t e l y  i n v e r s e l y  p r o ­
p o r t i o n a l  t o  t h e  s q u a r e  o f  t h e  e n e r g y .  The e n e r g y  o f  e a c h  
p a r t i c l e  i s  d e t e r m i n e d  b y  m e a s u r in g  t h e  m a g n e t i c  r i g i d i t y  
Hp, where  H i s  th e  i n t e n s i t y  o f  t h e  m a g n e t i c  f i e l d  and p i s  
t h e  r a d i u s  o f  c u r v a t u r e  o f  t h e  t r a c k .  The method o f  m e a s u r ­
in g  p and t h e  e r r o r s  a s s o c i a t e d  t h e r e w i t h  h a v e  a l r e a d y  b een  
d i s c u s s e d  ( C h a p t e r  Y ) .  The v a l u e  o f  t h e  m a g n e t i c  f i e l d  
w as c a l i b r a t e d  i n  term s  o f  t h e  e x c i t i n g  c u r r e n t  by  means  o f  
an a c c u r a t e  f l u x - m e t e r  c h e c k e d  a g a i n s t  a s t a n d a r d  m a g n e t i c  
f i e l d .  The f i e l d  s t r e n g t h  v a r i e d  by n o t  more t h a n  2 - 3 $  
o v e r  t h e  vo lum e o f  t h e  ch am b er .  The p o s s i b l e  e r r o r  i n  t h e  
mean f i e l d  s t r e n g t h  i s  e s t i m a t e d  t o  be not  g r e a t e r  t h a n  ± 2$ .
To e v a l u a t e  t ,  t h e  t o t a l  t r a c k  l e n g t h ,  t h e  l e n g t h  o f  
e a c h  a c c e p t e d  t r a c k  ( d e t e r m i n e d  b y  means o f  a map m e a s u r e r )  
w as e n t e r e d  i n  a column u n d er  t h e  a p p r o p r i a t e  v a l u e  o f  p .
I f  'C i s  t h e  t o t a l  t r a c k  l e n g t h  w i t h  r a d i u s  o f  c u r v a t u r e  p  , 
( t h e  l i m i t s  o f  w h ic h  w e re  n o r m a l l y  12  t o  70 c m .)  2 V  g i v e s  
t h e  t o t a l  t r a c k  l e n g t h  t .  To d e t e r m i n e  t h e  e f f e c t i v e  e n e r g y  
( i . e .  t h e  e n e r g y  w h i c h  w ould  g i v e  t h e  same t h e o r e t i c a l
s c a t t e r i n g  a s  t h e  m easured v a l u e s )  t h e  sum w as
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e v a l u a t e d  and e q u a t e d  t o  = />»)* . The e n e r g y
c o r r e s p o n d i n g  t o  t h e  e f f e c t i v e  c u r v a t u r e ,  ^  , ca n  t h e n  be  
d e t e r m i n e d .
I n  e v a l u a t i n g  N, t h e  number o f  atoms, p e r  c c . ,  t h e  v a l u e  
c o r r e s p o n d i n g  t o  t h e  expanded p o s i t r o n  o f  t h e  chamber was  
c a l c u l a t e d .  The m o b i l i t i e s  o f  i o n s  i n  t h e  e l e c t r i c  f i e l d  
(a b o u t  80  v o l t s / c m . )  a r e  s u c h  t h a t  no sh a r p  t r a c k s  c o u l d  be 
formed by p a r t i c l e s  w h i c h  e n t e r e d  t h e  chamber b e f o r e  t h e  
e x p a n s i o n  was  c o m p l e t e .  A s m a l l  c o r r e c t i o n  w a s  made f o r ,  
t h e  s c a t t e r i n g  i n  t h e  r e s i d u a l  a i r  i n  t h e  chamber (a b o u t  2 .5  
cm. Hg p r e s s u r e )  and i n  t h e  a l c o h o l  and w a t e r  v a p o u r .  
E x p e r i m e n t a l  E r r o r s .
A . number o f  e x p e r i m e n t a l  e r r o r s  h a v e  a l r e a d y  b e e n  d i s ­
c u s s e d ,  b u t  t h e  most  im p o r t a n t  i s  p r o b a b l y  a s s o c i a t e d  w i t h  
t h e  s e l e c t i o n  and measurem ent  o f  s u i t a b l e  t r a c k s .  T h i s  
p a r t i c u l a r  e r r o r  i s  d i f f i c u l t  t o  e v a l u a t e  s i n c e  t h e  o b s e r v e r s  
judgment i s  n e c e s s a r i l y  i n v o l v e d  t o  some e x t e n t .  I t  h a s  
a l r e a d y  b e e n  e m p h a s i s e d  t h a t  t o  a v o i d  s e r i o u s  e r r o r s  i n  t h e  
i n t e r p r e t a t i o n  o f  t r a c k s ,  a h i g h  s t a n d a r d  o f  c lo u d - c h a m b e r  
and p h o t o g r a p h i c  t e c h n i q u e  i s  r e q u i r e d .  F i g u r e s  1 4  and 15  
i l l u s t r a t e  g r o u p s  o f  t r a c k s  w h ic h  a r e  t y p i c a l  o f  t h o s e  from  
w h i c h  t h e  p r e s e n t  d a ta  w e r e  o b t a i n e d .  I f ,  i n  a d d i t i o n ,  
s t r i c t  r u l e s  f o r  t h e  s e l e c t i o n  and m easurement of  s u i t a b l e  
t r a c k s  a r e  ad h ered  t o  (C h a p te r  V) e r r o r s  o f  t h i s  n a t u r e  a r e
m i n i m i s e d .  I t  i s  e s t i m a t e d  t h a t  . o v e r  t h e  r a n g e  o f  a n g l e s  
c o v e r e d  by  t h i s  i n v e s t i g a t i o n  ( 2 0 0 - 9 0 ° )  t h e  com bined  e x p e r i ­
m e n t a l  e r r o r s  a r e  l e s s  th a n  t l O $ .
S c a t t e r i n g  a t  Low A n g l e s .
M easu rem en ts  w ere  made o f .  s c a t t e r i n g  a t  a n g l e s  down t o  
1 5 °  b u t ,  c o n t r a r y  t o  t h e  r e s u l t s  s t  l a r g e r  a n g l e s ,  t h e  
number o f  d e f l e c t i o n s ,  b o t h  f o r  e l e c t r o n s  and f o r  p o s i t r o n s ,  
i n  t h e  r a n g e  1 5 ° - 2 0 O J was found t o  be c o n s i d e r a b l y  l o w e r  
t h a n  t h a t  t h e o r e t i c a l l y  p r e d i c t e d .  For  e l e c t r o n s  a c a l ­
c u l a t e d  v a l u e  o f  8 2 . 1  c o r r e s p o n d e d  t o  t h e  o b s e r v e d  number  
o f  4 9 ;  f o r  p o s i t r o n s  t h e  f i g u r e s  w e r e  9 7 . 8  and 5 5 .  A t t e m p t s  
w e r e  made t o  d e t e r m i n e  t h e  r e a s o n  f o r  t h i s  d i s c r e p a n c y .
T r a c k s  w e re  g r o u p e d  i n t o  t h o s e  d e f l e c t e d  ( 1 )  tovvards ,  and 
( 2 ) away frcm t h e  i n i t i a l  c e n t r e  o f  c u r v a t u r e ,  a s  i t  was  
t h o u g h t  t h a t  some d e f l e c t i o n s  i n  gro u p  ( 1 ) m i g h t  h a v e  been  
o v e r l o o k e d . No s i g n i f i c a n t  d i f f e r e n c e  i n  t h e  numbers so  
d e f l e c t e d  w a s ,  h o w e v e r ,  f o u n d .  T r a c k s  were  a l s o  grouped  
i n t o  u p p e r  and l o w e r  r a n g e s  o f  e n e r g y  but a g a i n  no s i g n i f i ­
c a n t  d i f f e r e n c e  was  d e t e c t e d .  The c o n c l u s i o n  r e a c h e d  was  
t h a t  t h e  c r i t e r i o n  a d o p t e d  i n  t h e  s e l e c t i o n  o f  c l e a r - c u t  
s c a t t e r i n g  e v e n t s  w as  p r o b a b l y  t o o  s e v e r e  i n  t h e  c a s e  o f  
d e f l e c t i o n s  a s  low s s  1 5 ° ,  w here  t h e  e f f e c t s  due t o  s m a l l -  
a n g l e  d e f l e c t i o n s  became a p p r e c i a b l e .  D e f l e c t i o n s  o f  2 0 °  
and m o r e ,  h o w e v e r ,  a r e  e a s i l y  d i s t i n g u i s h e d  from  a s u c c e s s i o n
Qf s m a l l - a n g l e  d e f l e c t i o n s ,  and th e  r e s u l t s  i n  t h e  ra n g e  
2 0 ° - 9 0 °  a r e  not  c o n s i d e r e d  t o  be a p p r e c i a b l y  a f f e c t e d  by  
s m s l l - a n g l e  s c a t t e r i n g .
R e s u l t s  f o r  E l e c t r o n  S c a t t e r i n g .
The number o f  d e f l e c t i o n s  o b s e r v e d  i n  198  m e t r e s  o f  
e l e c t r o n  t r a c k  i n  10°  i n t e r v a l s  o v e r  t h e  a n g u l a r  r a n g e  
2 0 ° - 9 0 °  i s .  shown i n  T a b l e  1 3 .  C o r r e s p o n d i n g  v a l u e s  from  
c a l c u l a t i o n s  b a s e d  on f o r m u la e  ( 1 ) and ( 2 ) a r e  shown a l o n g - ,  
s i d e .
TABLE 1 3 .
SCATTERING- QE ELECTRONS IN AEGON.
Ang .Range E x p t . T h e o r y  ( 1 ) T h e o r y  ( 2]
2 0 ° - 3 0 ° 4 9 . 5 4 3 . 9 4 4 . 9
3 0 ° - 4 0 ° 1 3 . 5 1 3 . 6
•
1 3 . 6
4 0 ° - 5 0 ° 3 . 0 5 . 8 5 . 6
5 0 0 - 6 0 ° 2 . 5 2 . 9 2 .6
6 0 ° - 7 0 ° 1 ,0 1 . 7 1 . 4
7 0 0 - 8 0 ° 1 .0 1 .1 0 .8
8 0 ° - 9 0 ° 0 . 0 . 7 0 . 5
2 0 ° - 9 0 ° 7 0 . 5 6 9 . 7 6 9 . 4
The e n e r g y  r a n g e  o f  t h e  e l e c t r o n s  was  0 . 2  -  2 , 0  M e v . ,  a n t  
t h e  e f f e c t i v e  e n e r g y  0 . 8 5  Mev.  The a g r ee m e n t  b e t w e e n  t h e  
exp erim en ta l and t h e o r e t i c a l  r e s u l t s  l a  e x c e l l e n t  o v e r  t h e
122
r a n g e  2 0 ° - 9 0 ° .  The t o t a l  number o f  s c a t t e r i n g  e v e n t s  p r e ­
d i c t e d  by  t h e o r i e s  ( 1 )  and ( 2 )  i s  6 9 . 7  and 6 9 . 4  r e s p e c t i v e l y ,  
t h e  o b s e r v e d  number 7 0 . 5 ,  g i v i n g  r a t i o s  e x p t : t h e o r y  o f  1 . 0 2  
and 1 . 0 1 ,  B o th  o f  t h e s e  v a l u e s  a r e  w e l l  w i t h i n  t h e  ra n g e  
o f  s t a t i s t i c a l  f l u c t u a t i o n s  and e x p e r i m e n t a l  e r r o r s  a s s o c ­
i a t e d  w i t h  t h e  m e a s u r e m e n t s .  The d i s t r i b u t i o n  o f  number o f  
e v e n t s  w i t h  s c a t t e r i n g  a n g l e  a l s o  a g r e e s  v e r y  w e l l  w i t h  
t h e o r y .  In  p a r t i c u l a r ,  t h e r e  i s  no i n d i c a t i o n  o f  t h e  e x ­
c e s s i v e  s c a t t e r i n g  b e t w e a i  2 5 °  and 5 5 °  o f  w h i c h  H a n d e l s  _et 
a l . c l a i m e d  t o  have  o b t a i n e d  s t r o n g ,  t h o u g h  n ot  c o n c l u s i v e ,  
e v i d e n c e  frcm t h e i r  o b s e r v a t i o n s  o v e r  s e v e r a l  g a s e s .  The 
r e s u l t s  o b t a i n e d  by  Handels  e t  aJL. f o r  s c a t t e r i n g  i n  a r g o n  
a r e - s h o w n  f o r  c o m p a r i s o n  i n  T a b l e  1 4 .  The l a r g e s t  d i s ­
c r e p a n c y  o c c u r s  i n  th e  h i g h e r  e n e r g y  group  i n  t h e  l o w e s t  
a n g u l a r  r a n g e  ( 1 5 ° - 2 5 ° ) .  The o p i n i o n  o f  t h e  p r e s e n t  w r i t e r  
i s  t h a t  m e a s u r e m e n t s  b e lo w  a b o u t  20°  a r e  s u b j e c t  t o  a p p r e c ­
i a b l e  e r r o r  m a i n l y  b e c a u s e  o f  sma'l 1 - a n g l e  s c a t t e r i n g .  T h i s  
may a c c o u n t  a t  l e a s t  i n  p a r t  f o r  t h e  d i s c r e p a n c y .
E a r l i e r  r e s u l t s  o f  m e a s u r e m e n t s  o f  s c a t t e r i n g  i n  a r g o n  
due t o  Zuber (‘1 9 3 8 ) ,  S tepanow a ( 1 9 3 7 ,  1 9 3 9 )  and B l e u l e r  ( 1 9 4 2 )  
a r e  c o l l e c t e d  i n  T a b l e  1 5 .
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TABU 14 *
Scattering of electrons in argon ; Randels, Chao and Crane (1945).
Energy Range En?rg\ Range
Angular 0-8— 3-3 MeV. 3-3— 9-3 MeV.
Range Effective Energy Effective Energy
2-4 3YleV. 4-(i MeV. •
E xpt. Theory Expt. Theory
15J-2 5 30-0 30-3 52-0 32-2
25°-35 105 7-2 10 5 7*(>
3 5 - 4 5 5-0 2-7 4-5 2-8
45 —55 2 5 1-3 5-0 1-4
55 -5 5 1-0 0-7 1-0 0-7
(>5-75 0 0-4 0 0-4
75"—85 l i t 0 2 0 0-2
85-5)0 0 0-1 0 0 1
15 -90 50-0 42-0 73 0 45-4
!
TABLE 1 3 .












1 *7-2-4 30°-180° 350 48 0*75 Zuber 1938
0*2-11 20°-150° 103 308 1*0 Stepanowa 1939
1 *5-3*0 20°-150° 130 84 2*5 Stepanowa 1939




I n  F i g u r e  5  t h e  e x p e r i m e n t a l  r e s u l t s  have  been p l o t t e d  
i n  h i s t o g r a m  f o i m  w i t h  t h e  t h e o r e t i c a l  c u r v e  su p e r im p o s e d *  
The t h e o r i e s  ( 1 )  and ( 2 ) a g r e e  s o  c l o s e l y  t h a t  i t  i s  n o t  
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Scattering  Angle.
FIGURE 3 2 .
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The c l o s e n e s s  o f  t h e  v a l u e s  6 9 . 7  and 6 9 . 4 ,  o b t a i n e d
i ■
from t h e o r i e s  ( 1 ) and ( 2 ) r e s p e c t i v e l y ,  shows t h e  g r e a t  
d i f f i c u l t y  o f  d i s t i n g u i s h i n g  b e tw e e n  the  c l a s s i c a l  and 
r e l a t i v i s t i c  t h e o r i e s  by  o b s e r v a t i o n s  on e l e c t r o n  s c a t t e r i n g  
i n  a medium o f  a t o m i c  number; s u c h  a s a r g o n .  I n  fo rm u la  
(V I  2)  t h e  m a in  c o n t r i b u t i o n  comes from t h e  f i r s t  t e r m .  The  
seco nd  and t h i r d  t e r m s ,  b e i n g  o f  o p p o s i t e  s i g n  and r o u g h l y  ' 
e q u a l  i n  v a l u e  when Z i s  n o t  l a r g e ,  h a v e  b u t  l i t t l e  e f f e c t  
on t h e  c f r o s s - s e c t i o n .  T h i s  c a n  a l s o  be s e e n  from t h e  c u r v e
£ o r  e l e c t r o n s  i n  J i g *  9 ,  i n  w h i c h  t h e  r a t i o  o f  r e l a t i v i s t  i c  
s c a t t e r i n g  t o  R u t h e r f o r d  s c a t t e r i n g  i s  p l o t t e d  a g a i n s t  t h e  
s c a t t e r i n g  a n g l e .
R e s u l t s  f o r  P o s i t r o n  S c a t t e r i n g .
The s c a t t e r i n g  s t a t i s t i c s  w e re  c o m p i l e d  f o r  p o s i t r o n s  
e x a c t l y  a s  f o r  e l e c t r o n s ,  t h e  e x p e r i m e n t a l  c o n d i t i o n s  b e i n g  
e s s e n t i a l l y  i d e n t i c a l .  The r e s u l t s  w e r e  compared w i t h  c a l ­
c u l a t e d  v a l u e s  b ased  on t h e o r i e s  ( 1 ) and ( 2 ) ( t h e  s i g n  o f  
t h e  t h i r d  term  i n  form ula  ( V I . 2) b e i n g  n e g a t i v e  f o r  p o s i t r o n s )  
The r e s u l t s  o f  t h e  a n a l y s i s  o f  163 m e t r e s  o f  p o s i t r o n  
t r a c k  i n  t h e  e n e r g y  r a n g e  0 . 2  -  2 . 4  Mev. and o f  e f f e c t i v e  
e n e r g y  0 . 7  Mev. a r e  shown i n  T a b le  1 6 .
TABLE 1 6 .
SCATTERING 0E POSITRONS IN ARGON
A n g.R an ge E x p t , T h eory  (1 )  .. T h e o r y  ( 2 )
2 0 ° - 3 0 ° 4 1 . 5 5 2 . 8 4 7 . 1
3 0 ° - 4 0 ° 1 5 . 5 1 6 . 4 1 3 . 8
4 0 0 - 5 0 ° 3 . 5 6 . 7 5 . 3
oocOIOoID 3 . 0 3 . 4 2 . 5
6 0 ° - 7 0 ° 1 .0 2 .0 1 . 3
7 0 ° - 8 0 ° 1 .0 1 . 3 0 .8
8 0 ° - 9 0 ° 0 . 0 . 7 0 . 4
2 0 ° - 9 0 ° 6 5 . 5 8 3 . 3 7 1 . 2
The number o f  d e f l e c t i o n s  o b s e r v e d  i n  e a ch  o f  th e ' ,  
a n g u l a r  r a n g e s  i s  c o n s i s t e n t l y  l o w e r  t h a n  t h e  number p r e ­
d i c t e d  b y  th e  R u t h e r f o r d  th eo r jr .  Over t h e  w h o l e  a n g u l a r  
r a n g e  2 0 ° - 9 0 °  t h e  r a t i o  e x p t j t h e o r y  i s  0 . 7 9 .  C om par ison  * 
w i t h  t h e o r y  ( 2 ) g i v e s  a p p r e c i a b l y  b e t t e r  a g r e e m e n t  th o u g h  
t h e  t o t a l  number o f  d e f l e c t i o n s  o b s e r v e d  i s  s m a l l e r  t h a n  
t h a t  p r e d i c t e d ,  t h e  r a t i o :  e x p t  : t h e o r y  be inf; i n  t h i s  c a s e  
0 . 9 2 .
To t e s t  w h e t h e r  t h e  d i f f e r e n c e  o b s e r v e d  b e t w e e n  e x p e r ­
im e n t  and t h e o r y  ( 1 ) i s  s t a t i s t i c a l l y  s i g n i f i c a n t  t h e  ^ 2t e s t  
was a p p l i e d .  T h i s  g i v e s  a p r o b a b i l i t y  o f  0 . 2  t h a t  t h e  
o b s e r v e d  d i f f e r e n c e s  a r e  due m e r e l y  t o  c h a n c e  f l u c t u a t i o n s .  
The s t a t i s t i c a l  t h e o r y ,  h o w e v e r ,  t a k e s  no a c c o u n t  o f  t h e  
s i g n  o f  t h e  d i f f e r e n c e  w h i c h ,  a s  n o t e d  a b o v e ,  i s  t h e  same 
i n  e v e r y  a n g u l a r  i n t e r v a l .  T h i s  i s  s t r o n g  e v i d e n c e  t h a t  
t h e  d i f f e r e n c e s  a r e  n o t  e n t i r e l y  due t o  c h a n c e ,  b u t  i t  i s  
n o t  p o s s i b l e  t o  a s s e s s  i t s  v a l u e  n u m e r i c a l l y .
On t h e  o t h e r  hand t h e  p r o b a b i l i t y  i s  h i g h  t h a t  t h e  
d i f f e r e n c e s  b e t w e e n  t h e  e x p e r i m e n t a l  r e s u l t s  and t h e  v a l u e s  
c a l c u l a t e d  from t h e o r y  ( 2 ) ca n  be a s c r i b e d  t o  c h a n c e  v a r i a ­
t i o n s  o r  t o  e x p e r i m e n t a l  e r r o r s  w h i c h  a r e  o f  t h e  same o r d e r  
o f  m a g n i t u d e .  I n  E ig u r e  33 t h e  e x p e r i m e n t a l  r e s u l t s  a r e  
shown i n  h i s t o g r a m  form f o r  c o m p a r i s o n  w i t h  c u r v e s  b a s e d  













As a l r e a d y  n o t e d  t h e  a g r ee m e n t  o b t a i n e d  i n  t h e  c a s e  o f  
e l e c t r o n  s c a t t e r i n g  b e tw e e n  t h e  e x p e r i m e n t s i  and t h e o r e t i c a l  
r e s u l t s  ( b o t h  c l a s s i c a l  and r e l a t i v i s t i c ) i s  w e l l  w i t h i n  t h e  
r a n g e  o f  s t a t i s t i c a l  f l u c t u a t i o n s  and e x p e r i m e n t a l  e r r o r s .
Such  an a g r e e m e n t ,  o b t a i n e d  u n der  e x p e r i m e n t a l  c o n d i t i o n s  
i d e n t i c a l  t o  t h o s e  p r e v a i l i n g  d u r in g  th e  p o s i t r o n  m e a s u r e ­
m e n t s ,  p r o v i d e s  f u r t h e r  e v i d e n c e  t h a t  t h e  d i s c r e p a n c i e s  
o b s e r v e d  i n  t h e  l a t t e r  c a s e  b e t w e e n  e x p e r i m e n t a l  r e s u l t s  and 
t h e o r y  ( 1 ) a r e  r e a l ,  and not  due  t o  e x p e r i m e n t a l  i n a c c u r a c i e s .
On t h e  w h o l e ,  t h e  a u t h o r  c o n s i d e r s  t h a t  t h e  e v i d e n c e  
i s  s t r o n g  t h a t  t h e  s c a t t e r i n g  c r o s s - s e c t i o n  f o r  p o s i t r o n s  
i s  l o w e r  t h a n  t h a t  p r e d i c t e d  by  t h e  R u t h e r f o r d  t h e o r y .  On 
t h e  o t h e r  hand t h e  m easu red  s c a t t e r i n g  i s  q u i t e  c o m p a t i b l e  
w i t h  t h e  v a l u e s  c a l c u l a t e d  from t h e  form ula  d e r i v e d  on t h e  • 
a s s u m p t i o n  t h a t  t h e  p o s i t r o n  i s  a p o s i t i v e l y  c h a r g ed  D i r a c  
p a r t i c l e .
C om parison  b e t w e e n  E l e c t r o n  and P o s i t r o n  S c a t t e r i n g  I n t e n ­
s i t i e s .
A d i r e c t  c o m p a r i s o n  o f  t h e  s c a t t e r i n g  c r o s s - s e c t i o n s  
i s  n o t  p o s s i b l e  s i n c e  t h e  mean e n e r g y  o f  t h e  p a r t i c l e s  and 
t h e  t r a c k  l e n g t h s  a r e  d i f f e r e n t .  The v a l u e s  w e r e ,  h o w e v e r ,  
n o r m a l i s e d  t o  2 0 0 - m e t r e s  o f  t r a c k  and an e n e r g y  o f  1 M ev.
The t h e o r e t i c a l  r a t i o  o f  e l e c t r o n  t o  p o s i t r o n  s c a t t e r i n g  
w as  c a l c u l a t e d  t o  be 1 . 1 9 .  The c o r r e s p o n d i n g  v a l u e  o b t a i n e d  
from t h e  e x p e r i m e n t a l  r e s u l t s  was 1 . 2 2 .  For  t h e o r i e s  w h i c h  
n e g l e c t  s p i n  t h e  r a t i o  i s ,  o f  c o u r s e ,  u n i t y ,  s i n c e  t h e  * 
c r o s s - s e c t i o n s  f o r  e l e c t r o n  and p o s i t r o n  s c a t t e r i n g  a r e  the. ,  
sam e.  The e x p e r i m e n t a l  r e s u l t s  t h u s  a p p e a r  t o  be s t r o n g l y  
i n  f a v o u r  o f  ‘t h e  M ott  s c a t t e r i n g  t h e o r y .
R a d i a t i v e  C o l l i s i o n s .
S i n c e  t r a c k  c u r v a t u r e s  w e r e  m easu red  on e a c h  s i d e  o f  a
p o i n t  o f  d e f l e c t i o n ,  a n y  l a r g e  e n e r g y  l o s s  d u r in g  c o l l i s i o n  
c o u l d  be d e t e c t e d .  S e v e r a l  a u t h o r s  ( S 4 ,  0 3 ,  L3) h a v e  r e ­
p o r t e d  numbers o f  c o l l i s i o n s  i n v o l v i n g  l a r g e  e n e r g y  l o s s  
g r e a t l y  i n  e x c e s s  o f  t h e o r e t i c a l  v a l u e s ;  o t h e r s  t h e  r e v e r s e  
o r  a p p r o x im a t e  agreem en t  w i t h  t h e o r y .  I n  t h e  p r e s e n t  e&per  
i m e n t s  t h e  t h e o r e t i c a l  number o f  c o l l i s i o n s  i n v o l v i n g  e n e r g y  
l o s s  g r e a t e r  t h a n  50$ was  v e r y  s m a l l  (a b o u t  t w o ) ;  none was  
o b s e r v e d .  Numerous t r a c k s  w h ic h  a t  f i r s t  s i g h t  a p p e a r e d  
t o  ch a n g e  d i r e c t i o n  and e n e r g y  a b r u p t l y  w e r e  found on c l o s e r  
i n s p e c t i o n  t o  be  due t o  e l e c t r o n - e l e c t r o n  c o l l i s i o n s  n e a r  
t h e  u p p er  o r  l o w e r  b o u n d a ry  o f  t h e  i l l u m i n a t e d  l a y e r .  The 
s e c o n d a r y  e l e c t r o n  t r a c k  f r e q u e n t l y  a p p e a r s  t o  be  a c o n t i n ­
u a t i o n  o f  t h e  t r a c k  o f  t h e  I n c i d e n t  p a r t i c l e  w h ic h  p a s s e s  
o u t  o f  t h e  i l l u n i i n a t i n g  beam. The p h o t o g r a p h  o b t a i n e d  w i t h  
t h e  o b l i q u e  v i e w i n g  camera i s  v e r y  v a l u a b l e  i n  r e s o l v i n g  
d o u b t s  a b o u t  s u c h  a p p a r e n t l y  anom alous  c o l l i s i o n s .
G e n e r a l  C o n c l u s i o n s .
The c o n c l u s i o n s  drawn from t h e  r e s u l t s  o f  t h e  e x p e r i ­
m e n t a l  i n v e s t i g a t i o n  may be summarised a s  f o l l o w s .
( 1 )  The c r o s s - s e c t i o n  f o r  th e  n u c l e a r  s c a t t e r i n g  i n  arg o n  
o f  e l e c t r o n s  o f  e n e r g y  0 . 2  -  2 . 0  Mev.  o v e r  t h e  w h o le  o f  t h e  
a n g u l a r  r a n g e  2 0 ° - 9 0 °  a g r e e s  w i t h  t h e  p r e d i c t i o n s  o f  e i t h e r  
t h e  s e m i - c l a s s i c a l  or  t h e  M ott  r e l a t i v i s t i c  t h e o r y .  The 
e x p e r i m e n t s  a r e  n o t  s u f f i c i e n t l y  s e n s i t i v e  t o  d i s t i n g u i s h  
b e t w e e n  t h e  two t h e o r i e s .
( 2 )  The s c a t t e r i n g  c r o s s - s e c t i o n  f o r  p o s i t r o n s  ( e n e r g y
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0 . 2  -  2 .6  M ev .)  i s  a l s o  o f  t h e  p r e d ic t e d  m a g n itu d e , but  
t h e r e  i s  good e v id e n c e  t h a t  i t  i s  s i g n i f i c a n t l y  s m a l l e r  
th a n  t h e  v a lu e  deduced from t h e  s e m i - c l a s s i c a l  t h e o r y ,  
w it h in  th e  l i m i t s  o f  e x p e r im e n ta l  e r r o r  and s t a t i s t i c a l  
f l u c t u a t i o n s ,  t h e  e x p e r im e n ta l  r e s u l t s  a g r e e  w ith  th e  v a l u e s  
o b ta in e d  from t h e  M ott r e l a t i v i s t i c  t h e o r y .  The r a t i o  o f  
e l e c t r o n  t o  p o s i t r o n  s c a t t e r i n g  i s  shown to  be g r e a t e r  th an  
u n i t y  i n  a c c o r d a n c e  w i t h  r e l a t i v i s t i c  ‘ spin* t h e o r y .
(3 )  There i s  no e v id e n c e  o f  a n o m a lo u s ly  l a r g e  numbers 
o f  c o l l i s i o n s  i n v o l v i n g  la r g e  e n e r g y  l o s s .
Summary.
A f u l l y  a u to m a t ic  K filson c lo u d -ch a m b er  was c o n s tr u c t e d  
t o  o b t a in  d ata  on th e  n u c le a r  s c a t t e r i n g  in  a rgon  o f  e l e c ­
t r o n s  from indium  114 and p o s i t r o n s  from c o p p e r  6 2 .  The 
cam eras w ere s p e c i a l l y  d e s ig n e d  t o  ta k e  60 mm. f i l m  and t o  
a l lo w  t h e  r e p r o j e c t i o n  th ro u g h  th e  l e n s  sy s te m  o f  n a t u r a l -  
s i z e  im ages o f  th e  t r a c k s .  198 m e tr e s  o f  e l e c t r o n  t r a c k  
and 163 m e tr e s  o f  p o s i t r o n  t r a c k  w ere a n a ly s e d  b y  t h e  method  
o f  p r o j e c te d  a n g l e s .  The e x p e r im e n ta l  a n g u la r  s c a t t e r i n g  
d i s t r i b u t i o n s  w ere  compared w i t h  c a l c u l a t e d  v a l u e s  b a se d  on 
th e  R u th erfo rd  s e m i - c l a s s i c a l  t h e o r y ,  and on D ir a c ’ s  r e l a t ­
i v i s t i c  t h e o r y .  Good agreem ent w i th  t h e  l a t t e r  t h e o r y  o v e r  
the;  a n g u la r  range 2 0 °  -  9 0 °  was o b ta in e d  b o th  f o r  e l e c t r o n s
and f o r  p o s i t r o n s ,  but t h e  p o s i t r o n  s c a t t e r i n g  i n t e n s i t y  
was lo w e r  th a n  t h e  v a lu e  p r e d ic t e d  by t h e  s e m i - c l a s s i c a l  
theory® No a n o m a lie s  in  th e  e n e r g y  l o s s  d u r in g  s c a t t e r ­
in g  w ere d e t e c t e d .
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APPENDIX I .
ULOUX CHAMBER CONTROL CIRCUIT. FUNCTION AND VALUE 
OF COMPONENTS..
SNITCHES.
S . l .  Main o p e r a t i n g  b u t t o n .
S . 2 # 1 No e x p a n s i o n * . s w i t c h .
5 . 3 .  *Lanips only*  b u t t o n . .
. 1
5 . 4. C o n t a c t  on L . l .
5 . 5. ’ No l a m p s 1 s w i t c h .
S .  b# C o n t a c t  on L . 2 .
S . 7. Mains  ’ o n - o f f  s w i t c h .
S . 8* Main v a l v e  r e s e t  b u t t o n .
S . 9 .  Cam s w i t c h  o p e r a t e d  by  M.3 . ■
S . 10-. Cameras ’ o n - o f f *  s w i t c h .
S . 1 1 . S w i t c h  t o  i n a c t i v a t e  cam eras  when M.3* r u n s  co n ­
t i n u o u s l y
S .  1 2 .  C o n t a c t s  on L . l .  f o r  o p e r a t i n g  camera sh u tte r .
5 . 1 3 . ’ B u t t o n  f o r  a d v a n c i n g  f i l m  one f r a m e ;  camera  1 .
5 . 1 4 .  C a m -o p er a te d  s w i t c h  i n s i d e  camera 1 .
3 . 1 5 . C a in -op era ted  s w i t c h  d r i v e n  by  M.3 .
S . 1 6 .  As S . 1 4 .  5 camera. 2 .
5 . 1 7 .  As S . 15 .
5 . 1 8 . As S . 1 3 . ,  camera 2 .
5 . 19 . Sw itch  f o r  continuous running o f  M.3*; when S . 1 9 .  
c l o s e s  S . 11 . opens.
5 . 20 . B utton  sw itch  to  s t a r t  M.3.
5 . 21 . Cam-operated sw itch  d r iv en  by M.3.
5 . 22 . R elay  c o n ta c t s  o p erated  by L . l .  •
5 . 23 . C on tacts  on L . l .
5 . 24 . C on tacts  on L .8 . a c t i v a t i n g  L .9 .
5 . 25 . Steady lamp sw itc h .
RELAYS ANiJ SO hah 01 IDS.
L . l . /  Main r e la y .
L .2 .  Lamp f l a s h  r e la y .  . ' ■ v
L .3 .  I g n i t i o n  c o i l  f o r  t r ig g e r in g  lamp d is c h a r g e .
L .4 .  Main v a lv e  s o le n o id .
L .5 .  R eset s o le n o id .
L .6 .  S h u tte r  so le n o id s  camera 1 .
L .7 .  S h u tte r  so le n o id :  camera 2.
L .8 a .  Relay c o i l  ( a c t i v a t i n g ) .
L .8 b . Relay c o i l  ( s l u g g i n g ) .  
i i .9*  .Source s h u t te r  s o le n o id .
MOTORS.
Ivi.l. Film  tr a n sp o r t  motor: camera 1 .
M.2. Film  tr a n sp o r t  motor: camera 2 .
M.3. Cam sw itch  motor.
LAMI S AI\1 D MID IFRS.
L . l .  1 Mains on* in d ic a t o r  lamp.
L .2 .  1 M .l .  running* in d ic a t o r  lamp.
L .3. *M.2. running* i n d ic a t o r  lamp.
L .4 .  Continuous i l l u m i n a t io n  lamp.
E . l .  Main s o le n o id  Gurrent m eter.
F . l .  F la sh  d isch arge  lamp.
F .2 .  F la sh  d isch a rg e  lamp.
VALVES.
V . l .  SF5Q. V .6 . 5 2 4 G.
V .2 .  EF5Q. V .7 .  5240.
V .3 .  SF50. V .8 .  VU111
V .4 .  KT66. V .9 . VU111
V .5 .  OTIC.
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CONES;MSerS •
o 9 M • 0 .5 F. C .10. 8 F
C. 2. 1 .0 C . l l . 2 tt
C .3 . 2 .0 it C. 12 . '1 6  . t*
C .4 . 0 .1 tt ■'0.13. 16 tt
C .5 . 0 .0 0 1 it C .14 . 8 «
C. 6. 0 .2 tt C .15 . 8 tt
C .7 . .20.0 F C .16 . 100 tt
00•o 2 .o F . C .17 . 100 rt
C .9 . 1 .0 tt
RESISTORS.
R . l . 100k. ohms, (v a r ia b le ) R .13. 50k.ohm s.
R .2 . 1M. tt . R. 14. 50 k. Cl
R .3 . 30k. « R .15. 2M. it
R .4 . 10k. it R .16. 2k. ft
R .5 . 25k. tt V R.17. 5k, . rt ( v a r ia b le )
R .6 . 500k. t» R. 18 . 2k. ( v a r ia b le )
R. 7 . 50k, *t R .19. 10k. tt
R*8. 50k. ft R.20. 15k. tt
R .9 . 5M. R. 21. 1M. it
R. 10 . 200k. R .22. 2M. tt
R. 11 . 100k. tt R .23. 1M. rt ( v a r ia b le )
R .12. 100k. rt (v a r ia b le ) R. 24. 1M. tt
RESISTORS. (c o n t in u e d ) .
R .25 . 1M.ohms. R .30. 75. ohms.
R. 26 . 1M. * R.31. 75. ft
R. 2 7 . 500k. ft R. 32. 100 . . ■ * (v a r ia b le )
R .28 . 500k. * R .33. 5K„ ft ( v a r ia b le )
R .29 . 2 .5 k .  11 (v a r ia b le )
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APPENDIX  I I .
i The fo l lo w in g  T ab les  c o n s i s t  o f  s e l e c t e d  p a r t s  o f  a 
s e t  o f  T ab les  com piled by Of C e a l la ig h  ( P r o c .R o y .I r is h  Acad.
A 5 5 ,  133 (1 9 5 0 ) ) .
For each o f  th e  fu n c t io n s  c o se c  , n = 1 ,  2 , 3 and 





Cosec n %  t 2jf3m  & dQ = n ( 0, , Qz )




f  —< C<P)d0 = n ( <p' } )  (p r o je c te d  a n g l e s ) ,
J ^
f o r  v a r io u s  v a lu e s  o f  th e  parameter p = ^ = 0 co rr ­
esponds to  p r o j e c t i o n  w ith ou t ary s e l e c t i o n  c r i t e r i o n
= 1  corresp ond s to  th e  c o n d it io n s  o f  measurement i n  th e  
p r e se n t  exp erim en ts  i n  which Ac = 2a .
When th e  track-m easu ring  c o n d i t io n s  have b e e n  e s t a b l i s h e d  
and th e  exp er im en ta l c o n s ta n t s  e v a lu a te d ,  th e  in fo r m a t io n  ob­
t a in a b le  from th e s e  t a b l e s  e n a b le s  the  c a l c u l a t i o n  t o  be made 
o f  th e  number o f  d e f l e c t i o n s  p r e d ic te d  by v a r io u s  s c a t t e r in g  
form ulae i n  th e  angular i n t e r v a l s  20° - 30° 30°-*K)°, e t c .
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•
t \ » )  = cosec |  tt (</1, •!>%)
A >  A,
» 20®-S0° 30»-40° 40°-50° 50°-60° 60o-70° 70°-,SO0
* 2 1400 2-0911 2-0257 1-9448 1-8492 , 1-7395
0 2 1838 1 8014 1-5435 1-3574 1-2174 ' 1-1091
1 0 11469 0-8822 0-7183 0-6079 0-5294 0-4714
2-0 0-7166 0-5314 0-4234 0-3536 0-3053 0-2702
2-5 • 0-5970 0-4385 0-3477 0-2896 0-2496 0-2207
3 0 0-5099 0-3721 0-2941 0-2446 0-2106 0-1861
4-0 0-3929 0-2845 0-2241 0-1840 0-1600 0-1412
5 0 0-3186 0-2297 0-1806 0-1498 0-1287 0-1136
1 0 0 0-1624 0-1164 0-0983 0-0756 0•0649 0-0373
P 80°-90°
OOo1oa 100°-110° 110°-120° 120°-150° 150°-180°
i 9 1-6165 1-4813 1-3347 1-1781 2-5108 0-8564
V  o 1-0238 0-9558 0-9013 0-8576 2-3926 2-2538
1 0 0-4274 0-3933 0-3667 0-3458 0•9530 0-8893
■ 2-0 0-2440 0-2239 0-2083 0-1960 0-5392 0-5024
2-5 0-1991 0-1826 0 1698 0-1598 0-4394 0-4092
! 3-0 0-1678 0-1538 0-1430 0-1346 0-3700 0-3446
4-0 0-1273 0-1167 0-1085 0-1020 0-2804 0-2611
j 5-0 0-1024 0-0939 0-0872 0-0821 0-2255 0-2100
1 10-0 0-0516 0-0473 0-0439 0-0413 0-1135 0-1057
F(0) -  e o se c * i tt W('Pi  . 0a)
A ^  At
-  (t ^  !/ <
P 20°-;!0° 30°-40° 40°-50° 50°-60" d0°-70°
70°-80°
9 10-0304 7•0055 5-3181 4-2258 3-4503 2 • 8(532
0 7-5767 4-8909 3-4998 2-6711 2-1339 ,  1-7654
1-0 4-7045 2-7287 1-7956 1-2822 0-9710 0-7693
2-0 3-.1675 1-7256 1-0952 0-7606 0-5064 0-4436
2 o 2-6891 1-4396 0-9078 0-6253 0-4640 0-3626
3-0 2-3261 1-2303 0-7656 0-5306 0-3920 0-3059
4-0 1-8181 0-9487 0-5866 0-4034 0-2982 0-2324
5-0 1-4982 0-7582 0-4738 0-3253 0-2402 0-1870
10-0 0-7603 0-3981 0-2401 0-1644 0-1212 0-0943
P 80°-90° no '-ioo8 100°-110°
! 
s 0 1 O 0 120°-150° 150°-180°
9 2-3968 2-0121 1-6846 1-3985 2-7438 0-87.13
0 1-3024 1-3092 11647 1•0552 2-7438 2-4374
1-0 0-6321 0-5353 0-4652 0-4136 1-048.1 0-9118
2 0 0-3615 0-3043 0-2633 0-2333 0-5887 0-5106
2 3 0-2951 0-2481 0-2145 0-1900 0-4791 0-4153
3 - 0 0-2487 0-2090 0-1806 0-1599 0-4031 - 0-3493
4-0 0-1S88 0-1585 0-1369 0-1212 0-3054 0-2645
5-0 0-1318 0-1275 0-1101 0-0974 0-2454 0-2126
10-0 0-0763 0-0642 0-0554 0-0490 0-1235 0-1070
* ’ («> - cosec* J 0 M (^ j >
A 2* A.
-  a < >i <
p 20°-30° 30°-40° 40°-50° 50°-60° k1O 70°-M i°
0 47 (528 23-622 14-014 9-2037 6-4479 4-7180
0 28-608 13-870 8-1163 5-3150 3-7590 2-8153
1-0 19-901 8-5512 4-5165 2-7128 1-7839 .1-2568
2-0 14-232 5-6462 2-8288 1-6399 1•0525 0-7289
2-5 12-280 4-7580 2-3522 1-3530 0-8641 0-5905
3-0 10-755 4-0924 2-0055 1-1478 0-7309 0-5036
4-0 8-5323 3-1769 1-5410 0-8570 0-5567 0•3S2S
5-0 7-1292 2-5855 1-2474 0-7080 0-4487 0-3082
10-0 3-6710 1-3245 0-6340 0-3594 0-2260 0-1554
80°-90° 90°-100° 100°-110# 110°-120° 120°-150° 1 5 0 e- l s o J
9 3 - 5565 2-7346 2-1271 1-6606 3-0015 0•8866
0 2-2059 1-7941 1-5063 1-3005 3-1591 2-6503
1-0 0-9355 0-7289 0-5904 0-4949 1 • 15:58 0-9353
2-0 0-5359 0-4138 0-3329 0-2776 0-6433 0-5189
2-5 0-4370 0-3373 0-2711 0-2259 0-5228 0-4215
3 • 0 0-3689 0-2841 0-2282 0-1900 0-4396 0-3542
4-0 O-2800 0-2155 0-1729 0-1493 0-3327 ' 0-2680
5-0 0-2253 0-1733 0-1390 0-1157 0-2674 0-2153.
10-0 0-1135 0-0873 0-0700 0-0582 0-1345 0 - los2
F(0) = co seeH  0 &  ( ^ i » ^a) J
1
A ^  Ar
p 20°-30° 30°-40° 40°-50° 50°-60° 60°-70° 70°-80°
9 229-151 80-168 37-067 20-093 12-069 7-7827
0 115-326 40-787 19-200 10-685 6-6537 4-4980
1-0 " 86-619 27-134 11-430 5-757S 3-2834 2-0553
2-0 65-020 18-599 7-3613 3-5439 1-9587 1-1990
2-5 56-968 15-830 6-1521 2-9346 1-6115 0-9822
3-0 50-390 13-703 5-2650 2-4952 1-3648 0-8297
4-0 40-486 10-756 4-0627 1-9114 1-0496 0-6311
5-0 33-689 8-7555 3-2958 1-5449 0-8394 0-5083
10 0 17-793 4-5114 1-6802 0-7834 0-4244 0•2565
..
P 80°-90° 90°-100° 100°-110° 110°-120° 120°-150° 150°—180°
9 5-2814 3-7185 2•6867 1-9724 3-2866 0-9022
0 3-2410 2-4596 1-9499 1-6056 3-6526 2-8988
1-0 1•3855 0-9929 0-7496 0-5923 1-2718 0-9598
2-0 0-7952 0-5630 0 4212 0 -330o 0-7037 0-5275
2-5 0-6495 0-4589 0-3428 0-2687 0-5713 0-4278
3-0 0-5477 0-3865 0-2884 0-2259 0-4800 0-3592
4-0 0-4158 0-2930 0-2185 0-1710 0-3634 0-2712
5-0 0-3346 0 •2356 0-1756 0-1374 0-2916 0-21-80 1
10-0 0 •10S6 0-1186 0-0S84 0-0691 0-1467 0-1095 i
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